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Abstract

The main objectives in this research project related to the generation of ultrashort
laser pulses using a KC1:T1 colour-centre laser and the study of their propagation in
optical waveguides. Coupled-cavity mode-locking of the KCI:TI colour-centre laser
using either monomode optical fibre or passive AlGaAs waveguides as the nonlinear
element in the control-cavity have been investigated. With the optical fibre as the
nonlinear element, pulses as short as 63 fs have been generated.

The large nonlinearity of the AlGaAs waveguides illuminated near the half-
bandgap energy has been confirmed through the propagation of ultrashort laser pulses,
and nonlinear phase shift in excess of 2 has been observed. By undertaking the
studies described here, the measurements have indicated that the waveguides used
have a linear loss of 0.74 cm-l, a two-photon-absorption coefficient of about 0.1
c¢cm/GW, and a nonlinear refractive index of 0.8 x 10-13 cm2/W.

Coupled-cavity mode-locking with passive AlGaAs waveguides as the control-
cavity nonlinear element has been achieved, and two different guiding geometries of
the AlGaAs waveguides have been used. With a straight waveguide geometry, pulses
having duration of ~ 230 fs have been generated. When a curved waveguide geometry
was utilised and appropriate dispersion compensation applied then pulses as short as
160 fs have been produced. By employing waveguides having reduced lengths (down
to 1.2 mm), some further shortening of the output pulses was achieved and pulses as
short as 150 fs have been recorded. By using a gold coating on rear facet of the
waveguide, successful coupled-cavity mode-locking has been achieved at an output
power level as low as 4 mW.

Some applications using the coupled-cavity mode-locked KCI:T! colour-centre
laser have been performed. Femtosecond pulses at 1.3- pum spectral region have been
produced through the process of self-phase-modulation mediated four-wave-mixing in
an erbium-doped fibre. Measurement on the group-velocity-dispersion of the AlGaAs

waveguide has also been made, and a value of D = -1100 ps/nmv/km has been deduced.
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Chapter 1

General Introduction

1.1 Background introduction

The last few years have seen a dramatic progress in the physics and technology
associated with the generation of ultrashort laser pulses [1-16]. Novel mode locking
techniques have been developed and used on a number of laser systems [4, 5]. Most
notably, the exploitation of optical nonlinearities in the generation of ultrashort light
pulses has received considerable attention. Coupled-cavity mode locking [6, 7], which
was extended from the soliton laser invented by Mollenauer [8, 9], has proved to be a
simple, versatile, and economic mode locking technique. This mode locking scheme has
been applied to a variety of laser systems including Ti:Sapphire [10], Nd:YAG [11],
Nd:YLF [12], Nd:Glass [13], and Fibre lasers [14], allowing the generation of
ultrashort light pulses over a wide range of the electromagnetic spectrum with previously
unavailable durations. The self-mode-locked Ti:sapphire laser and related solid-state
lasers have allowed the generation of powerful femtosecond pulses with an
unprecedented stability, reliability, and reproducibility [15]. Pulse compression utilising
self-phase-modulation in optical fibres has allowed the generation of 6 fs pulses [16].

Among the various mode-locked laser systems, the KCI:T1 colour centre laser still
retains the predominant source for lasers working at wavelengths of around 1.5 um in
the research laboratories. This spectral region is for particular interest in optical
communication research, because of the corresponding lowest-loss window of silica-
based fibres over this spectral region [17]. The significant characteristics of the colour-
centre laser are its wide tunability over a bandwidth in excess of 100 nm and the

generation of pulses with duration of less than 100 fs, in combination with a high output
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peak power. Using a KCL:T1 colour-centre laser, extensive studies have been conducted
in linear and nonlinear propagation of ultrashort pulses in optical fibres and
semiconductor devices. This has resulted in the demonstration of various all-optical
switching devices based on fibres [18], and semiconductor waveguides. [19].

Application of ultrafast optical techniques ranges from such diverse areas as basic
physical and biological sciences as well as technology [20]. Notably in the
optoelectronics research area, nonlinear processes based on the third-order susceptibility
x®, such as self-phase modulation (SPM), stimulated Raman scattering (SRS), four-
wave-mixing (FWM), etc. in optical waveguides have been extensively studied.
Consequently, the exploitation of such nonlinear effects is gaining considerable
attention. The SPM has found practical applications in picosecond-pulse compression
and amplification [16]. Soliton formation due to the combined effect of SPM and
anomalous group-velocity-dispersion in optical fibres has the potential application
prospect in optical communications [21]. Optical switching has been successfully
demonstrated in semiconductor waveguides by exploiting the third-order nonlinear effect
[19]. Raman scattering, essentially undesired in optical fibres, has been successfully
exploited in tuneable fibre Raman lasers [22]. Two-photon absorption in semiconductor
waveguides working at the half-bandgap energy proved to be a limiting factor for the
implementation of all optical switching devices. However, by operating at a wavelength
slightly lower than the two photon energy band, the two-photon related absorption may
be reduced [23].

In this introductory chapter, firstly the generation of ultrashort light pulses is
overviewed, followed by a brief introduction to the characterisation of ultrashort pulses,
then the linear and nonlinear propagation of ultrashort pulses is outlined.

1.2 Generation of ultrashort laser pulses

For the generation of ultrashort light pulses, the technique termed as laser mode

locking is generally employed. The first demonstration of a mode-locked laser was in

the mid-1960's [for example, see Refs. 24, 25], since then considerable progress has
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been achieved. There have been a number of review papers concerning the generation of
ultrashort light pulses [26-30]. In this section of the chapter, a brief introduction of the
different mode locking techniques is presented.
1.2.1 Characteristics of free-running lasers

A laser basically consists of a gain medium within an optical resonator, as
illustrated in figure 1.1. The resonator is usually composed of a set of mirrors that
reflect the light beam back and forth through the gain medium. The gain medium is
pumped through external excitation either optically (as in solid-state lasers) or electrically
(as in gas, and semiconductor lasers), in such a way that the atoms normally sitting in
the lower energy state of the gain medium will be excited onto a higher energy state. As
a consequence of continuous pumping a population inversion might be set up. Without
any external stimulation, atoms at the high energy state decay spontaneously back to the
lower state again, accompanied by an emission of photons corresponding to the energy
difference between the two states, E, — E,. When a light beam passes through the gain
medium, however, it stimulates the atoms at the high quasi-steady state to return back to
a lower state in the form of stimulating emission that adds to, or amplifies, the light
beam. As a consequence of the accumulative process, an intensive coherent light (laser)

beam is produced.

Gain medium I—|

I_| '

M; M

Figure 1.1. A schematic of laser resonator.

Normally, the light beam from such a laser is composed of a number of discrete
wavelengths corresponding to different resonant frequencies, or resonator modes. Such
resonator modes are literally defined as the longitudinal modes of the resonator, and

satisfy the standing wave condition nA =2L. Therefore, the frequency of the

longitudinal modes is given by
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yore
i (1.1)

where c is the speed of light, L is the optical path length of the resonator, and n is an
integer representing the mode number. The separation between neighbouring modes is

expressed as

Av=qor (1.2)
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Figure 1.2, (a) Longitudinal modes of laser resonator; (b) Laser gain spectral profile; (c)

Oscillating modes of laser output.

Usually, the gain bandwidth of a laser medium is over a wide range of spectra, and
is much broader than the cavity mode spacing, Av=c /2L, as shown in Figure 1.2(b).
Therefore, for a real laser system there are always a number of longitudinal modes that
are above lasing threshold, and are built up as the laser output, as illustrated in figure
1.2(c). However, because these longitudinal modes oscillate in the laser cavity with

random phase and amplitude, the output of the laser fluctuates arbitrarily in time owing

to random interference between those modes [31,32].
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There are two ways in which the fluctuation problem can be tackled. The first is by
inserting frequency selecting elements into the cavity, (for example, optical etalon), or
shortening the resonator length to allow only one longitudinal mode to oscillate, so that
the output is light with high coherence and good spectral quality. The second approach
is to force the modes to oscillate with a fixed phase relationship, which leads to an
output periodically modulated as a train of short pufses with a period of cavity round trip
time 2L /c. This is what is commonly termed laser mode locking, and will be of
concern in most of this thesis.

Essentially, there are two type of mode locking: longitudinal mode locking and
transverse mode locking. However, in most cases the multi-transverse mode operation
is undesirable and the laser is usually operated at the fundamental transverse mode.
Therefore, the longitudinal mode locking is referred to in this thesis. The transverse
mode locking can be found in a number of reports in the literature [for example, see Ref.
33]. In principle, the longitudinal mode locking technique can also be subdivided into
two categories: active mode locking and passive mode locking. In active mode locking,
a modulator, which is driven by an external power source in the period corresponding to
cavity round-trip time, is inserted within the laser resonator. In passive mode locking
scheme, the modulation is accomplished by a nonlinear optical element that is driven by
the mode locked pulses themselves.

1.2.2 Description of mode locked laser pulses
Suppose that the optical strength of the mth longitudinal mode can be expressed as a

complex function.
E,(t)=E,e"®=** (1.3)

The total optical radiation strength, therefore, can be represented by the sum of such

longitudinal modes

E(f) == ) B, pltPathed " (1.4)

nt
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where E

m?

¢,, are the amplitude and initial phase of mth mode, respectively, and the
summation extends over all oscillating modes. The instantaneous optical intensity is
given by

I(t) < [ReE(t)]" = Y E% cos*(@,t +¢,,)

+ Z Z‘EmEn COS((D," T ¢")COS((0" s ¢n)

m o n

(1.5)

In reality, the intensity received by optical receiver is the average intensity over a
period of time which is much Jonger than an optical cycle. Therefore, we have
1
(I()) o <[ReE(t)]2> = -f[zJE,f, cos*(w,t+ ¢, )it

(1.6)
£ 22 Z IE",E,, cos(w,, + ¢,)cos(, + ¢, )dt]

m n

which indicates that the received average intensity is the summation of all individual
mode intensities. It also implies that for a free running laser the instantaneous intensity
fluctuates randomly around this average intensity.

Now, we consider the case of a laser that is mode-locked. For simplicity, assuming
that all longitudinal modes have same amplitude and same initial phase (as the ideal case

of mode locked lasers), i. e.
Em = EO
¢m = ¢0

Therefore, the frequency difference between neighbouring modes is given by

e
ACO = a)m = wm—l R (1.7)
L
Taking the central frequency as @, then we have
@, = Wy +mMA® (1.8)
For N modes oscillating, substitution of above ¢,, @,,, E, into equation (1.4), gives

; (NAaJtJ
. Sin 2
E(t) = Eoe'("’n“'%)

. (Acot L)
sin| —
2
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Therefore, the output power

. 2(NAa)t]
sm ———
g2

sin? [ﬂ)
2

It is easy to see from this equation that the output takes the form of a pulse train which

P(t) < E,? (1.10)

has a period of

w2 2

T_Aa) ¢ (1.11)

The peak power equals N times the average power. The pulse duration At (FWHM) is
given approximately by

2 1

At =

I__2z
N NAo Av (L.12)

Where N and Av are the oscillating mode numbers and lasing bandwidth, respectively.
It is clearly shown that shorter pulse width demands a wider lasing bandwidth, i.e.,
more longitudinal modes.
1.2.3 Mode locking techniques
1.2.3.1 Active mode locking

Active mode locking can be achieved by modulating either the amplitude (loss or
gain) or the phase of the optical radiation in the cavity. In each case it is known as
amplitude modulation (AM) mode locking and phase modulation (PM) mode locking,
respectively.
Principle of AM mode locking

In the frequency domain approach , this mode locking scheme can be described as

follows. Suppose that the amplitude and frequency of the central mode at the gain

profile are E, and @,, respectively. Then, the optical strength, which can be simply

expressed as

Ey(¢) = E,(cos w,t) (1.13)

when the modulation is involved, becomes
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E,(t) = Ey(1+ Mcos w,,t)cos ,t

= E, cos w,t 4-595]\11-(:05(60(J -, )+ E"TMcos(a)o + @, )t (1.14)

where M is the modulation depth, ,, is the modulation frequency which is chosen to be
the same as the optical round trip of ¢/ 2L, or its integer nc/2L.

Equation (1.14) shows that apart from the original frequency @, two new sideband
frequencies at @, + ®,, and @, — ®,, are introduced. When such three frequencies pass

the modulator again, the sideband frequencies w, +2®, and @,~-2w, will be

m
generated. As a result of the oscillation in the resonator, a lot of new frequency
components will be generated. These frequencies coincide with the adjacent mode
frequencies of the resonator, and thus leads to the modes becoming strongly coupled
and cause phase-locking of the longitudinal modes.
Mode locking by loss modulation

In this mode locking scheme, the modulator is usually an acoustooptic modulator
driven by a radio frequency (rf) generator. The acoustooptic modulator is presented in
such a way that an uvltrasonic standing wave is formed within the modulator crystal. The
refractive index of the modulator varies accordingly with the amplitude of the standing
wave, leading to the light signal passing through the modulator experiencing a periodical
loss due to the diffraction thereby introduced. The minimum diffraction loss occurs at
the time when the amplitude of the applied signal is zero. Twice in every radio frequency
period the diffraction loss of the modulator happens to be minimum and the modulator
appears transparent to the incident light. Therefore, by setting the radio frequency at half
of the intermode spacing of the resonator, mode locking may be established, and a pulse
train with a period of 2L/c might be achieved. A schematic of the mode locking process

is shown in Fig. 1. 3.
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Figure. 1.3. Mode locking mechanism by loss modulation

Mode locking through gain modulation by synchronous pumping

Mode locking by modulating the active of the gain medium is usually applied to
lasers which are pumped by another laser or to semiconductor lasers that are pumped
electrically. In semiconductor lasers, gain modulation is accomplished by applying a
radio frequency signal, at a repetition rate corresponding to the laser cavity period,
directly to the bias current [34]. The pulse duration achieved with mode locked diode
laser is of the order of a few tens of picoseconds. In the case of a laser being pumped by
another laser the gain modulation is achieved by modelocking the pumping laser. For
this mode-locking to work, it is generally required that the cavity length of the second
laser has to be equal to or is an integer of that of the pumping laser. The mode locking
achieved through this mode locking scheme is commonly referred to as mode locking by
synchronous pumping.

The pulse shortening in synchronously pumped lasers is caused by a combination
of gain modulation (due to pump pulses) and gain saturation. Referring to Fig. 1.4,
which is a result of the theoretical analysis on the synchronously pumped colour-centre
lasers, the pulse shortening mechanism can be discussed as follows. Before the arrival
of the pump pulse, the gain of the colour-centre laser medium is zero. After the pump

pulse arrives at the gain medium, the gain starts to build up and eventually exceeds the
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Figure 1.4. Schematic illustrating the dynamics of synchronously mode-locked colour-centre lasers.

loss in the resonator. Subsequently, the colour-centre laser pulse arrives, and begins to
extract energy from the gain medium through the process of stimulated emission
(amplification). As a result of this process, the gain is saturated and is brought back
below the loss again, thus turning off the laser pulse. After the passage of the pump
pulse, the gain slowly relaxes back to zero. For proper mode locking, the resonator
lengths of the two lasers have to be properly matched. When the colour-centre laser
cavity is too short, the colour-centre laser pulse arrives too early at the gain medium; this
would allow the gain to recover after saturation and to exceed the loss for a second time,
resulting in the formation of a satellite pulse. If the colour-centre laser cavity is too long,
the colour-centre laser pulse arrives late at the gain medium; thus the spontaneous
emission may be amplified prior to the arrival of the colour-centre laser pulse, resulting
in a broad and noisy pulse shape. For this mode locking scheme to work, the decay time
of the inversion must be fast enough so that the corresponding gain can be significantly

modulated.

10
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Mode locking by phase modulation (PM)

In this mode locking scheme, the modulation is applied to the phase of the light. In
the time domain description, the frequency of the light passing through the phase
modulator is up- or down-shifted by a value proportional to the Doppler frequency shift
de / dt. Referring to Figure 1.5, when d¢ /dt #0 the successive passes through the
modulator will eventually shift the optical field out of the gain profile. Only the optical
fields passing through the modulator at the time d¢ /dt=0 will experience no
frequency shift, and thus be amplified and form a mode locked pulse train after
successive reflection between the two mirrors. Note that there are two stationary points,

which may result in double pulse trains and cause instability.

P, W T o, |
f Sl |

3

A

S as

©

Time

Figure 1.5. Schematics showing the mechanism of active mode locking by phase modulation.

In the frequency domain approach, when modulation is applied to the phase of the

optical radiation, the modulated signal can be represented by

E(t) = E; cos(w,t + ¢, cos @,,t) (1.15)
Where ¢, is the modulation index, ®,, is the modulation frequency. Mathematically,

this equation can be expressed as

E(ty=E, Y ],(@.)cos(ay, + ma,) (1.16)

11
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where [, is Bessel function. From this equation it can be seen that the resultant

m
radiation contains a number of sideband frequencies. The neighbouring frequencies have

the identical frequency difference w,,. In this way, the mode locking condition is

e
obtained.
1.2.3.2 Passive mode locking

Passive mode locking has been the means for generating the shortest pulses. It led
to the first sub-picosecond pulses [35] and can now be used to produce pulses in the
order of tens of femtosecond [36]. This kind of mode locking is generally achieved by
including a saturable absorber in the laser cavity. Since no external modulation is
applied, contrasted to its counterpart ~ active mode locking, it is commonly referred as
passive mode locking. The saturable absorber has the characteristics of low transmission
when the optical radiation is low and becomes high transmission when the optical
radiation reaches a threshold power level point I, . In practice, the saturable absorber
falls into two categories: slow and fast saturable absorber.
Slow saturable absorber

A slow saturable absorber [37] is a lossy element that becomes more transparent
with intense light but with a recovery time longer than the time scale of the uitrashort
pulse. It was proposed by New [38] that the pulse shortening with the slow saturable
absorber was made possible by dynamic saturation of the gain. The absorber
preferentially absorbs the leading edge of the pulse, while gain depletion causes losses at
the trailing edge. At each round trip, the wings of the pulse experiences the loss while
the peak of pulse receives gain. As a result, the pulse is shortened. The modulation
dynamics of this mode locking process is illustrated in Figure 1.6. In simple term, the
pulse shortening can be expressed as follow. When the pulse arrives at the absorber, the
leading edge of the pulse is absorbed. This process, in turn, saturates the absorber, so
that the central portion and the trailing edge of the pulse experiences leés attenuation
when passing through the absorber. As a result, the leading edge of the pulse is

truncated. Now concerning the case when the pulse travels to the gain medium. The
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intense central portion of the pulse is amplified sufficiently to saturates the gain, such

that when the trailing edge arrives no gain is left. Thus, through the processes of

absorber saturation and gain saturation the pulse is shortened.

Gain/Loss

Laser pulse .

Intensity

Time
Figure 1.6, Pulse shaping dvnamics for slow saturable absorber mode locking.
Fast saturable absorber

A fast saturable absorber is an element that responds essentially instantaneously to

the light intensity. That is, it recovers its initial absorption in a time scale shorter

compared to the pulse duration. Thus, it shapes the pulse on both the leading and trailing

edges of the pulse. Figure 1.7 shows the pulse shaping dynamics with a fast saturable

absorber.

Loss

g

Gain/Loss

Time

Laser pulse

Intensity

Time

Figure 1.7. Pulse shaping dynamic with a fast saturable absorber.
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Coupled-cavity mode locking

A coupled-cavity mode locking [39] scheme is basically composed of the main laser
cavity where the gain medium is located, in conjunction with an adjacent auxiliary cavity
containing a nonlinear element. This mode locking scheme has also been termed
additive-pulse mode locking (APM) [40], and interferential mode locking (IML) [41]
according to the mechanism being explained. Essentially, three different type of
configuration can be arranged; namely, Fabry-Perot, Michelson, and Ring-cavity
configurations, as the schematics shown in figure 1.8. For the nonlinear Fabry-Perot
cavity configuration, the auxiliary cavity is formed by the output coupler of the main
laser and an extra retroreflector Mp, as shown in figure 1.8(a). The output is derived
from a beam splitter inserted in the external cavity. The proper operation of CCM mode
locking requires that the optical length of the external cavity should be well matched with
the main cavity or being the integer of it. A Michelson cavity configuration, in one
sense, is basically a Michelson interferometer formed by inserting a beam splitter in the
main cavity, as shown in figure 1.8(b). One arm of the interferometer is essentially part
of the main cavity composed of the main cavity end mirror and the beam splitter; and the
other arm consists of the beam splitter and a retroreflecting mirror My, between them the
nonlinear element is contained. The output is again derived from the beam splitter. It is
required that the optical length of the two arms should be the same. For the Ring cavity
configuration, as shown in Figure 1.8(c), it is required that the nonlinear process should
only occur to the light beam propagating in one direction while it has no effect on the
beam travelling in the other direction. In this way, one of the counter-travelling beams
experiences essentially no loss and self-phase-modulation so that the laser operation can
be built up; while the other beam acquires the self-phase-modulation induced spectral
broadening that is necessary for the pulse shortening in CCM lasers. In practice, it has
been observed that the Fabry-Perot type has the capacity of producing shorter pulses
than that of Michelson configuration whereas Michelson type is superior to the Fabry-

Perot type with regard to stability [42]. For the Ring type, the interfering beams travel
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along identical paths but in different direction, and so the cavity length stabilisation is
not required [43]. However, the requirement of the nonlinear element is too critical to be

satisfied.

Fabry-perot configuration Output

Michelson configuration * Output
]|
BS
My ===
Output
Ring configuration A

l IE \
aln N
BSl.C

M, M,

My

Figure 1.8. Diagrams illustrating the three types of cavity configurations.

This mode locking scheme was first implemented by Mollenauer and Stolen in 1984
in a synchronously pumped KCI:Tl colour-centre laser, whereby a Fabry-Perot cavity
configuration was employed and the nonlinear element was a piece of optical fibre
having anomalous group-velocity-dispersion. Compared with pulses of tens of
picosecond by the synchronously pumped KCI:T1 colour-centre alone the pulse duration

of this laser was dramatically reduced. The shortest pulses given by this laser were 60
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fs. The pulse duration could be varied just simply by altering the length or the group-
velocity-dispersion of the fibre. During this early stage of the'CCM mode locked lasers,
it was commonly accepted that the mechanism responsible for the mode locking process
was mainly due to the pulse shortening resulting from the combined effect of self-phase-
modulation and anomalous group-velocity dispersion in the solitonic fibre, and therefore
it was termed the soliton laser. The interpretation was that the rejection of a temporaily
shortened pulse from the control cavity into the main cavity caused the generation of
femtosecond pulses. However, it was verified experimentally [6] and numerically [7]
that the solitonic fibre was not the only choice for this mode locking scheme, fibres with
positive group-velocity-dispersion which instead of supporting solitons but broadening
the pulse duration, and semiconductor amplifier could also be used to implement this
mode locking process. Subsequent theoretical analyses [44.45] indicated that the key
mechanism responsible for the mode locking process is the interferometric superposition
between the pulses in the main cavity and that returned from the external cavity. While
the self-phase-modulation in the nonlinear element is necessary for the shortening of
output pulses, it provides the mean of generating new spectral components needed for
mode-coupling [46]. By choosing an appreciable phase difference between the two
cavities, it is possible to make the interferential feature constructive at the centre of the
pulse, while in the wings it becomes destructive. In this way the centre of the pulse is
amplified whereas the intensity in the wings is decreased.

The CCM mode locking scheme can be applied to lasers that are either already mode
locked or in a continuous wave (CW) operation. In the former case, the main laser itself
is mode locked, and the addition of the nonlinear external cavity tends to shorten and
shape the pulses [for example, see Ref. 6]. In the latter case, the main laser is in a CW
operation, and the CCM mode locking operates solely in a passive manner - without the
need of any active gain or loss modulation of the main laser. This later case is often

referred to as self-starting CCM mode locking. Self-starting CCM operation has been
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demonstrated in a number of laser systems, such as Ti:Sapphire [47], Nd:YAG [48],
Nd:YLF [49], Nd:Glass [50], etc.

The advantage of coupled-cavity mode locking lies in the fact that the generation of
ultrashort laser pulses can be achieved in a wide range of solid state lasers. This
technique is applicable to both high power as well as low power lasers and has been
demonstrated in diode pumped systems [51]. Since no active modulator is required in
the mode locking, the repetition of the laser can be scaled by adjusting the cavities'
length. The nonlinear element can be of such elements as optical fibres (both normal and
anomalous group-velocity-dispersion) [6], semiconductor amplifiers [6, 52], quantum
wells [53], and semiconductor waveguides [54]. Such elements are cheaper and much
easier to operate with, compared with active modulators as in actively mode locked
lasers and dye saturable absorbers for passively mode locked lasers.

One drawback, however, of the coupled-cavity mode locking scheme is the
requirement for a cavity length stabilisation system. To keep proper CCM mode locking
the cavity length has to be controlled within a fraction of wavelength. A small variation
of the cavity length, due to any external perturbation, will destroy the CCM mode
locking process. Usually the stabilisation of the cavity is accomplished by a feed back
loop system. In stabilisation, part of the laser output or the signal returned from the
nonlinear elements is fed to an optical detector which converts the optical signal into’
electrical signal. The electronic signal is amplified by an electronic system, and used to
drive a PZT that is attached to one of the mirrors in the cavity (usually the end mirror of
the external cavity). The idea of the stabilisation scheme evolved from the observation
that the time averaged power varied over a considerable range with the mirror motion
[55]. A small shift of the cavity length will result in a variation in the output power level.
This power variation, when detected, will be transferred to the change in the voltage
applied to the PZT by the electronic system, which then will force the cavity bﬁck to its

original again. The optical detector is commonly a photo diode. In case strong

modulation is required a photonmultiplier can be used [54].
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Kerr-lens mode locking

This mode locking technique utilises the optical Kerr effect in a laser cavity. This
Kerr effect can be generated either from the gain medium itself, as in the case of
Ti:Sapphire laser [15]; or a nonlinear element being inserted in the laser cavity when the
optical Kerr effect of the gain medium is not sufficient, as the case of NaCl:OH- colour
laser [56]. At high intensity, the self-focusing, due to the optical Kerr effect, of the laser
beam causes a change of the beam diameter in the cavity. By puiting an aperture in the
cavity at the position where the beam diameter decreases with increasing intensity, then
the self-focusing feature is transferred to an amplitude modulation. In operation, the low
intensity CW radiation is blocked by the aperture, while only the intense beam (as in the
case of an ultrashort pulse) is sustained. By using this technique pulses as short as 11 fs
has been produced directly from a Ti:Sapphire laser [36].
1.3 Characterisation of ultrashort light pulses

The measurement of light pulses can be implemented in different methods
depending on the time scale of the pulses to be measured. The most convenient and
simplest approach is to use a photo diode in combination with a fast oscilloscope.
However, this method is generally limited by the response time of the detector and the
bandwidth of the oscilloscope. The alternative way of directly measuring the pulse
duration is the electro optical streak camera which has a resolution of around 300fs at
present in the research laboratory [57]. Whereas, the most widely employed method in
measuring sub-picosecond pulses is the second harmonic autocorrelator, which offers
the best temporal resolution.
1.3.1 Streak camera

Pioneered by Zevoisky and Franchenko [58], the streak camera has become a
standard technique for the measurement of ultrashort pulses in picosecond regime [59].
With reference to Fig. 1.9 a streak camera consists of input optics, streak image tubes,
electrical deflection signal generator, and readout system. The input optics is composed

of a narrow input slit and an optical lens. A streak image tube typically consists of a
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photocathode, acceleration mesh, electron-optical focusing lens, deflection system, and

phosphor screen.

Phosphor  Defection Photocathode
g . e piae Electron focusing
Optical multichannel electrodes =
analyser \
0 LIS N
AX — K i

c

Anode Mesh

Amplifier hl?;éay — Filter -[lj‘s\
X Fast photodiode T r\:"

Input pulse train

Figure 1.9. Arrangement of the synchronous operating streak camera.

For the pulse duration measurement, the pulses to be measured are first injected into
either a Michelson interferometer arrangement or a glass plate with calibrated thickness,
which divides a single pulse into two replicas. The time delay between the two replicas
can be then easily deduced from the difference of the two arms’ length in the Michelson
arrangement, or from the thickness of the glass plate. These pulses are then incident on
the slit and imaged by the optical lens onto the photocathode of the image tube. The slit
image is converted by the photocathode into a packet of photon electrons that replicates
the spatial and temporal information of the input light signal. These emitted
photoelectrons are accelerated and focused by the electron optical lens onto the phosphor
screen where the photoelectron signal is reconverted into a light signal for subsequent
processing. To record the temporal characteristics of the electron pocket, a linear time-
varying voltage ramp is applied to the deflection system which is synchronised with the
arriving of the photoelectrons packet such that the photoelectrons arriving at different

time are deflected correspondingly at different position on the phosphor screen. The
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deflection direction is chosen perpendicular to the orientation of the slit length direction.
In such way the temporal information of the input pulses is recorded by the spatial
profile of the slit image onto the phosphor screen. Therefore, the temporal distribution
of photoelectrons is converted to spatial distribution and a pair of "streaks" images of the
pulse appears on the phosphor screen. Because the number of produced photoelectrons
is proportional to the input signal intensity, the temporal profile of the pulse is recorded.

The measured pulse duration can be deduced to be

At=é§r (1.17)

where Ax is the spatial displacement of the pulse image, x is the spatial separation of
the two pulse images, and 7is the time delay between the two replicas.

The streak camera may be operated in either single shot or in synchronisation with
the mode locked laser. In the latter case a small fraction of the signal is incident on to a
biased photo diode, so that the output of the diode is a sine wave at the exact repetition
frequency of the pulse trains. The sine wave or the harmonic of which is then applied to
the deflection plates. By correct adjustment of the electrical delay line the electrons
produced by the light pulse pass the deflection plates during the linear section of the
deflecting voltage ramp.
1.3.2 Second harmonic autocorrelaior

As implied by its name, this technique is based on the process of second harmonic
generation in a nonlinear crystal [59-62]. Essentially two types of autocorrelator can be
arranged, depending on the phase matching requirement. In Type I, the two beams
incident on the crystal are polarised in the same direction. In type II, the two beams are
orthogonally polarised, and the second harmonic signal is generated only when the two
pulses are overlapped. Therefore, Type II gives a background-free autocorrelation trace.
Type I on the other hand, allows second harmonic generation for either pulse alone,
leading to autocorrelation traces having a background level. However, when the two
beams are incident on the crystal in non-collinear manner, a background-free

autocorrelation trace can also be obtained for Type L. In the work presented in this
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thesis, all the pulse duration measurement was conducted by the Type I collinear
method, and therefore is more concerned in the discussion of this subsection.

A schematic diagram of the autocorrelator is shown in Figure 1.10. In essence, it is
a Michelson interferometer with a SHG crystal, a lens and a filter. The filter serves to
cut the unconverted fundamental light from the crystal. The intensity of each pulse from
the mode locked pulse train is split into two subcomponents by a beamspliter. These two
subcomponents travel the different arms of the Michelson interferometer and are
reflected back by the retroreflecters M1 and M2 respectively. Then they recombine and
are focused onto the SHG crystal. A photomultiplier is used to detect the signal at 2 @
from the SHG crystal. One of the retroreflectors, M1, was mounted on a loudspeaker
which was driven by the output of a triangle wave oscillator. The translation of the
retroreflector ensures that one subcomponent pulse arrives slightly later (or earlier) at the
crystal. The result is that the instantaneous intensity incident on the crystal is a function
of the overlap of two subcomponent pulses. By suitable adjustment of the interferometer
two arms length and correct control of the speaker's oscillation frequency and

amplitude, a real-time display of the SHG autocorrelation trace can be obtained on a

oscilloscope.
M
2 Oscilloscope or
Chart recorder
§
SHG crystal
- J
< - _m- n 1] Photomultiplier
LN\, ) U 1]
M, ‘ E Focal lens  Filter

Figure 1.10. A schematic diagram of the SHG autocorrelator
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The output from the photomultiplifer represents the correlation of the two sub-

pulses, the localised value of which can be expressed as
1,(7) = Gy (1) + s(7) (1.21)

where G,(7) is the second-order intensity correlation function, s(7) is the rapidly
varying interference term related with cos(@7) and cos(2wt). .If the response time of
the detector system is chosen to be too slow to follow the constructive and destructive
feature (which is dependent on both the oscillation frequency and amplitude of the
speaker) of the interferometric autocorrelation traces, the second term s(7) will average
to zero, and only G,(7) is recorded. This case is commonly referred as intensity

autocorrelation. The intensity correlation function can be expressed as

2[T(1)I(t+v)dt
[ rwa

G(7)=1+ (1.22)

where I(z) is the pulse intensity. It can be easily deduced that when the two sub-pulses
are not overlapped the intensity correlation function G,(7) equals unity, while as the

two sub-pulses are overlapped at the centre of the pulse the intensity correlation function

G,(7)is 3, ie.
T>>AT = G(7)=1

T=0 = Gy(7)=3
where A7 is the pulse width being measured. As can be seen that the intensity
correlation has a peak to background ratio of 3 : 1. The presence of the background in
conjunction with the shape of the autocorrelation traces offers a useful and convenient
check for the quality of mode locked laser pulses. Figure 1.11 provides autocorrelation
traces for three different sitnations of light sources. Figure 1.11(a) represents the
autocorrelation of well-defined mode locked pulses, the peak-background ratio of 3 : 1
is clearly explicated. Figure 1.11(b) is the autocorrelation of a noise burst corresponding
to that of free-running laser output. The peak-shoulder-background ratio of which is
3:2:1. Figure 1.11(c) represents the autocorrelation of a CW radiation, a peak-

background ratio of 3 : 2 is obtained.
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Figure 1.11. Intensity autocorrelations for (a) mode locked pulses, (b) noise burst, and (c)

CW radiation.

The determination of actual pulse width A7, from the recorded autocorrelation

traces requires an assumption of the pulse profile. The actual pulse width A7, and the

autocorrelation trace width Af are related through a constant k

fait

1.23
5. (1.23)
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the value of which depends on the pulse profile. Table 1.1 gives the expression and the
value of k for three standard pulse shapes. Also shown for each case is the bandwidth-
duration product AvAT for bandwidth limited pulses. The validity of the pulse shape
assumption can be cross-checked by comparing the experimentally measured
bandwidth-duration product with the calculated value. If the bandwidth-duration product
is larger than that calculated, frequency chirped pulses might be inferred. A smaller one,
compared with the calculated value, might imply that the pulse profile is not symmetric.
For pulses that are not bandwidth limited, the interferometric autocorrelation, as will be
discussed later, provides the frequency chirp information. For asymmetric pulses, a
different autocorrelation technique: cross-correlation, can be used [63].

Table 1.1  Correction factor and bandwidth-duration products (at bandwidth limited situation) for

three standard pulse shapes.

Pulse type I(t) k AvAz,
Gaussian exp(tz) V2 0.414
Sech2 sech’t 1.543 0.315
Symmetric exp(-2}f) 2.421 0.142
two-side exp

As the scanning speed of the shaking mirror is reduced or alternatively, the
response time of the electronic detection system is increased, it is possible to resolve the

interference feature arising from the second term s(7) in equation (1.21). In this case,

the second-order autocorrelation is given by [64-66].

T IOI¢+ T)dt
GZ(T)"'S(T):1+[2+cos(2a)'v)]><I—w Ef) R
J_wlz(t)dt

| NIOIE+0) x[1t) + 1(2 + )] dt

+2cos(@mT) X == =
[ Py

(1.24)
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Figure 1.12. Interferometric autocorrelations for 70 fs pulses of (a) bandwidth-duration product

limited; (b) chirped with chirp parameter C=2; and (c) chirped with C=15.

It is not difficult to show that the peak-background ratio of the interferometric

autocorrelation is 8:1. The fringes have maxima when @7 =2n7 and minima at
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@7 =(2n+1)7. The time delay between the two maximal corresponds to one optical
cycle of the carrier, which is 27/ @. This feature of the interferometric autocorrelation
can be used to calibrate the time scale on the oscilloscope screen by counting the number
of the fringes in each division. Figure 1.12 shows the interferometric autocorrelations
for three pulses with different chirp parameters. Figure 1.12(a) represents the
autocorrelation of chirp-free pulses. As can be seen a well-defined autocorrelation trace
is generated. Figure 1.12(b) and Figure 1.12(c) show the autocorrelation traces when
frequency chirp is present in the pulses. It can be seen that the visibility at the wings is
lost, and it is a clear indication of the presence of frequency chirp.

In practice, both the intensity and the interferometric autocorrelations along with the
corresponding spectral width of the pulse are taken all together, so that a cross-check
can be conducted. The intensity autocorrelation can not give any phase information
about the pulses, but it provides the mean for th-e determination of the pulse duration.
‘While the interferometric autocorrelation can present the frequency chirp information of
the pulses. The bandwidth duration product indicates the degree of chirp.

1.4. Pulse propagation

Pulse propagation in optical waveguides, such as fibres, has been extensively
studied [67-84], mainly promoted by the motivation of possible exploitation in optical
communication and various practical applications. Pulses essentially manifest itself in
two ways when propagating in a nonlinear medium, one is the variation in pulse width,
and the another is the shift in frequency. The group-velocity-dispersion of the medium
gives rise to the process of temporal broadening or shortening of the pulse. The
nonlinear effects, however, resulted in the shift of the pulse frequency or the extension
of the spectral width. In optical fibres the long interaction length and the confined core
area make the observation of various nonlinear effects become much easier. Nonlinear
effects such as self-phase-modulation [69,70], Modulation instability [71-73], Four-
wave-mixing [74-77], Raman scattering [78-84], etc. have been observed. In this

section, a brief introduction of such linear and nonlinear effects will be presented.
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1.4.1 Linear propagation
The material dispersion, defined as the variation of refractive index of the material
with respect to the wavelength of incident waves, is generally described through the

Sellmier equation given by

£ BA?
nz(zl)—1=;,lz’_2? (1.25)

where 7 represents the refractive index, A is the wavelength, and A‘i is the jth resonant

wavelength of the material, B ; is a coefficient related with the jth resonance. A j and B J

can be determined by fitting the experimentally obtained n(A).

The large spectral bandwidth associated with ultrashort light pulses makes the
dispersion feature become a detrimental factor in optical waveguides (fibres). Even
without any nonlinear effect, the dispersion alone might severely change the temporal
feature of the pulse. In this case, the description of the pulse propagation by using the
propagation constant f(w), seems more straightforward, and therefore is more
frequently used. The propagation constant (@) can be expanded into a Taylor series,
which is

B(@)=B(ay)+ ' (- a)(,)+%ﬁ”><(co—co(,)2 +—é—,3”’><(a>—-wo)3+ ------ (1.26)

where , is the central frequency of the pulse, and

n 4B
=2t (1.27)

lo=ay
The coefficients §, ’, and B” in the first three terms are related to the phase velocity,
group velocity, and group velocity dispersion respectively. The physical meaning of

which is summarised as follow

— = Coo = wo
P B(w),‘”:“"’ v,(@,) Phase velocity
B = 481 % 1
AWy, Vy(®,) Group velocity
2
B’ = gafz fo = %(Ug(% )] = Group wvelocity dispersion
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Some useful expressions relating the above coefficients to the refractive index and

wavelengths are listed below

27A
A==
1 dn
) Rl
h c (n dA )
LA da (1.28)
T 2mc? dAF
ar_ = {ln . dn
s 47c® (3 e g dﬂ.s)

For most optical media, the group velocity dispersion 3” is positive in the visible
region but changes sign in the near infrared. The wavelength at which the sign is altered
is called zero-dispersion wavelength A,. For fused silica, zero GVD occurs at a
wavelength of 1.3 pum. At zero GVD, pulses propagate in a medium essehtially with no
variation in pulse shape and duration. However, in such case the higher dispersion (for

”r

example ") might take action. Commonly, the case of §” >0 is specified as normal

dispersion, while the case of 3” <0 is referred to as anomalous dispersion.
In some cases, the GVD is described through D, which is defined as the pulse
spreading per unit length and per unit wavelength, and is related with " through the

expression
2mc

D=-=3

B” (1.29)

Because of the GVD, pulses propagating in a solely dispersive medium will
experience temporal broadening no matter whether the sign of the GVD is positive or
negative. In the region of normal GVD, where S” >0, the longer wavelength
components of the pulse propagate faster than the shorter wavelength components, and
therefore the longer wavelength components moves to the front part of the pulse while
the shorter wavelength components are dragged to the rear part of the pulse. As a result,
a positive frequency chirp (up-chirp) is built up along the pulse profile and the pulse
becomes temporally broadened. At the region of anomalous GVD, where ” <0,

temporal broadening of the pulse will also happen but which is associated with a
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negative frequency chirp (down-chirp). A schematic diagram illustrating three pulses
with different chirp parameters is shown in Figure 1.13, where (a) shows a chirp-free

pulse, (b) is an up-chirped pulse, and (c) represents a down chirped pulse.
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Figure 1.13. Schematics illustrating three pulses with different chirp parameters. (a) Chirp-

Jfree pulse; (b) Up-chirped pulse; (c) Down-chirped pulse.

If a Gaussian pulse is assumed, the pulse duration Az, (FWHM), after passing a

distance z through the dispersive medium is given by the expression

”, 2 27 2
AT, =A’L‘,-,,\/(1+2\/1n2 CAﬁZZJ +(2\/1n2 f;) (1.30)

in
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where C is the frequency chirp parameter, presented in the expression of the pulse field

in a manner of

: 2
E(t)= em[—% X %}exp(-iwot) (1.31)

with T, being the half-width at 1/e-intensity point of the incident pulse. For up-chirped

pulses, C >0, down-chirped pulses, C <0, and chirp-free pulses, C = 0. The relation
between A7 (Full width at half-maximum, FWHM) and T (half-width at 1/e-intensity

point) is given as follow

Gaussian At =2(In2)*T = 1.665T (1.32)
Sech? AT=2In(1++2)T =1.763T (1.33)
If the pulse is initially unchirped, i.e. C =0, equation (1.30) becomes

2 2

4In2 z
AT, =AT |1+ ——B"2 | =AT, |1+ — 1.34
out m\j [AT:, ﬁ ] in (ZD) ( )

where
.

e R 1 ; 1.35
ZD ﬁ” 4]11.2 ﬁ” ( )

defined as the dispersion length. From equation (1.34), it can be seen that for a given
length of the dispersive medium, shorter pulse broadens faster because of a smaller
dispersion length associated. At z = z,,, an Gaussian pulse broadens by a factor of V2.
Equation (1.30) shows that when the pulse chirp parameter C and the GVD
parameter 7 of the medium have the same sign, i.e. f”C >0, the pulse broadens
monotonically with z; if B”C <0, it first experiences a temporal narrowing until a
minimum value and then broadens again. This latter case can be used for compression of
chirped pulses by passing the pulse through an appropriate length of dispersive medium

with opposite sign of 3”. The length required for the optimum compression is given by

C

Zopt. = 1+C2 zD (136)

The pulse duration at the optimum length is expressed as
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Afiﬂ
A'rmin = W (137)

In experimental research, it is customary to use the bandwidth-duration product
AVAT to show the degree of chirp imposed on a pulse. By doing a Fourier transform of
the optical field and some simple deduction, the relation between the bandwidth-duration

product AVA7 and the chirp parameter C can be expressed as follows

P, .. =AvAT= 21;2«/1+C2 (1.38)

Therefore, the optimum length for pulse compression and minimum pulse duration

obtained are re-expressed as

2
Zopt. =ZD[ e ) 1—( 2ing ) (1.39)
EP AVAT ﬂP AVAT
AT i w2102 0% (1.40)
T PAVAT

1.4.2 Nonlinear propagation

The interaction between electromagnetic fields and matter is commonly through the
relation of the induced polarisation P with respect to the applied field E. Previous to the
invention of lasers, it was reasonable to consider that a linear relationship held very well

between the induced polarisation and the electromagnetic fields, i.e.

P=¢yME (1.41)

(n

where g, is the vacuum permitivity, y*" is the linear susceptibility of the material.

However, in the presence of high intensity optical fields, such linear response is no
longer holds, but satisfies the more general relation [78]
P=g,[yME+ y®EE+ y®EEE +-- ] (1.42)

where y is the jth order susceptibility which is a tensor of the rank of j+1, with x™
being the dominant contribution to the polarisation. In theory, most of the nonlinearity

can be derived from this equation. The linear refractive index and the attenuation
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™ The second-order susceptibility 7@

coefficient is related to the linear susceptibility ¥
is responsible for such effects as second-harmonic generation and sum-frequency
generation. However the second-order susceptibility ¥* becomes zero for a medium
that has inversion symmetry, i.e. isotropic. For the study in this thesis, apart from the
KDP crystal used for the autocorrelator most of the nonlinear media concerned, such as
optical fibres and semiconductor waveguides, have a symmetric feature, and therefore
%@ term vanishes. The third-order term  ¥® is responsible for phenomena such as
third-harmonic generation, four-wave-mixing, self-phase-modulation, self-focusing,
and two-photon-absorption.

Nonlinear refractive index

@ _0 and if neglecting terms

For an isotropic material, such as fused silica where ¥
higher than ¥, the refractive index of the medium becomes intensity dependent and is
given by the relation

n=ny+ny,l (1.43)

where 7, is the refractive index at low intensity level, I is the optical intensity of the

incident signal, and
Ao

(3)
1.44
ot X (1.44)

My

is the so-called nonlinear optical Kerr coefficient. For fused silica, the nonlinear optical
Kerr coefficient 7,, = 3.2 x 10 cm?/W .
Self-phase modulation (SPM)

Self-phase modulation arises from the combination of nonlinear refractive index and
a time-varying amplitude of the incident field [69, 70]. Since the refractive index
depends on the optical intensity, the phase shift of an optical field after propagating

through a distance z in an optical medium is then given by

O(t) = ot —kz = wt —%Enoz—%nz,& (1.45)

For an optical pulse, the intensity varies over the pulse envelope, i.e. it changes with

time. Thus, the instantaneous frequency of the pulse at a distance 2 is given by

32




Chapter 1. General Introduction

a)(t)=§£=a)0—2—”n2 ol

= TR (1.46)

It can be seen that the instantaneous frequency of the light pulse differs across its

envelope from the central frequency @, by

27 al
da(t) = — iy, (1.47)

Because the instantaneous intensity at the leading edge of the pulse increases with time,
but decreases in time at the trailing edge, the leading edge of the pulse experiences a
"red" shift while the trailing edge of the pulse sees a "blue" shift. This can also be
viewed as frequency chirp induced by the SPM. As the pulse travels further, the chirp

becomes greater.
If an input pulse with a Gaussian profile (I = I, exp[—(t/T)z] ) is assumed, as

shown in Figure 1.14 (a), then the instantaneous frequency shift is given by
27 t 2
da(t) = 7"212{210 Fexp[—(t/T) ]}

20t 2
Bl exp|(47)'] (1.48)
where ¢, = _2175”2 121, is the maximum phase shift; T' represents the half width of the

pulse at 1/e intensity point. The full-width at half-maximum (FWHM) Az, is related
with T' by the relation AT = (Z’J—hl—i)T for Gaussian pulses. Figure 1.14(b) shows the
instantaneous frequency shift associated with the Gaussian pulse. As we can seen, over
the central region of the pulse, the chirp is approximately linear and is positive (i.e.
frequency increases with time). The frequency in the leading edge of the pulse is down

shifted while in the trailing edge is up chirped. The maximum frequency shift happens at
the point where /T = 1/+/2, and which is given by

7 I
G T \2e

20 ’21n2
AT e

ow

Il
H

(1.49)

1l
H
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Figure 1.14. Diagram showing (a) a Gaussian pulse profile; (b) frequency shift due to the SPM.

Modulation instability

Modulation instability (MI) is a nonlinear process resulting from the interplay
between the nonlinearity and the dispersion effect. It has been studied in such diverse
fields as fluid dynamics, plasma physics, and also in optical fibres. In the context of
optical fibres, the nonlinearity comes from the optical Kerr effect, and the modulation
instability requires an anomalous group velocity dispersion. The modulation instability -
manifests itself, in the time domain, as break-up of the input pulse (or CW radiation)
into a train of well-separated pulses. In the frequency domain, sidebands spectra are
generated at both side of the input carrier frequency. The interaction among these equally
spaced spectral components gives rise to the generation of a pulse train.

The maximum gain occurs at frequencies that are separated from the carrier

frequency by +Q. on both sides of the input spectrum. This separation is given by the

expression [71]

%

r zm]

Q =|=te (1.50)
[ 18"

where P, is the peak power inside the fibre, 8” is the GVD of the fibre, and

Y=n0/ CAQT, with Aefr being the effective mode area of the laser beam. In practice,

by knowing the peak power inside the fibre and the experimentally measured sideband
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separation 2, the GVD of the fibre can be deduced. This will be presented in the

experiment in Chapter 6.

The maximum gain of MI at Q_ is independent of fibre dispersion, it increases

linearly with the input power. This can be expressed as

8o = 270 (1.51)
In practice, the MI can be achieved by perturbation of the pump signal in the way that a
small signal at frequency @, + @, co-propagates together with the pump signal [72]. In
this case the small signal acts as a probe for the MI process. It can also be initiated from
the noise signal in picosecond pulses [73].

The MI, in fibre communication systems, is an undesired effect. However it was
proposed by Hasagawa [73] that by utilising the MI in optical fibres, short optical pulses
with ultrahigh repetition rate can be produced. This would be very useful in ultrahigh-
bite-rate communication, optical computing systems, and many other scientific areas.
Four-wave mixing

Four-wave mixing is a parametric process that involves the interaction among four
optical waves via the third-order nonlinear susceptibility. One case is the third-harmonic
generation in which three photons at frequency @ transfer their energy to a single
photon at frequency 3. However in optical fibres it is generally difficult to satisfy the
phase-matching condition for such process to occur in high efficiency. One particular

case that has been extensively studied in optical fibres involves the simultaneous creation

of two photon at frequencies @, and @, through the annihilation of two photons at

frequencies @, and @, [74-77]. The energy conservation requires that
(1)3+(D4=(01+602 (1.52)
The phase-matching requirement for this process to occur is that

AK =K, +K, -K,~K, =0 (1.53)

For the degenerate case where @, = @, = @,, equation (1.52) becomes
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2&)0"—“603+a)4 (1.54)

Physically, a strong pump wave at @, creates two side bands located symmetrically at

frequencies @, and @, with a frequency shift given by

Q=) ~0; =0, ~0, (1.55)

where the relation @, < @, has been assumed. In general, the low-frequency side band
at @, and the high-frequency side band at @, are referred to as the Stokes and anti-
Stokes bands and denoted by @,and w, respectively.
Raman Scattering

Stimulated Raman scattering is a nonlinear process that is broadly defined as the

interaction of incident light with the molecular vibration modes in a medium [78].

Essentially, a photon at frequency @, is annihilated and a photon at the Stokes
frequency w, = @, — w, is generated, leaving the molecular (or atoms) in an excited
state with energy %w,. This process is illustrated in Figure 1.15.

In silica fibres, the Raman process has been extensively studied, and the
exploitation of which has been successfully demonstrated [79, 80]. Because of the
amorphous nature of the fused silica the molecular vibration frequencies spread out into
bands which overlap and create a continuum. Therefore, the Raman gain in silica fibres

extends continuously over a broad spectral range.

mewu—:’m—wm

p (g = Wp - @,

Y

@,

¥

Figure 1,15, Energy structure representing the Raman scattering process.
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The intensity of the Stokes signal after a distance z can be expressed by the relation

I(z) = I,(0)es'** (1.56)

where g is Raman gain coefficient, Ip is the pump intensity. In principle, there is no
actual threshold power level for Raman scattering to happen. However, due to the
exponential nature of the Raman gain, there is little difference in pump intensity between
negligible Raman generation and nearly total conversion. A threshold condition was

defined by Smith [81], at which the Stokes power is equals to that of pump,

16A

Py, = o (1.57)

where A is the effective core area of the fibre, g is the Raman gain, and L is the
interference length. For fused silica, the Raman coefficient g, as a function of the

frequency shift at a wavelength of 1.5 um is shown in Figure 1.6 [82]. It can be seen

that the Raman gain coefficient g, extends over a large frequency range up to 40 THz

with a dominant peak at 13.2 THz.

o = o
N =)} oo
T T

£
)
7

Raman gain (x10-1! co/W)

! | | ! 1 1

1
100 200 300 400 500 600 700 800 900
Frequency shift (cm 1)

Figure 1.16. Raman gain spectrum in fused-silica (See Ref. 82).

For femtosecond pulses propagating in the anomalous GVD regime of optical
fibres, a Raman process termed soliton self-frequency-shift [83], is encountered.

Phenomenally, this effect manifests as a continuous downshift of the incident pulse
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frequency. It was explained by Gordon [84] that the physical mechanism responsible for
such down-frequency shift is due to the Raman effect. Because of the broad, continuous
Raman gain spectrum in silica fibres, it is possible that the shorter wavelength
components of the incident pulse acts as a Raman pump for the longer wavelength
components. Thus a continuous downshift of the pulse frequency occurs when the pulse
propagates along the fibre. Theoretical analysis has indicated that the amount of
frequency shift per unit length is inversely proportional to the fourth power of the pulse

duration, which can be expressed as [84]
N (1.58)

It can be seen that the frequency shift is larger for shorter pulses. This is also
understandable in terms of spectral width of the incident pulses, as that the shorter
pulses have a broader spectrum.
1.5 Summary

In this chapter, an introduction on the generation, characterisation, and propagation
of ultrashort laser pulses has been presented. Different mode-locking techniques have
been outlined. A general description on the optical streak camera and the second-
harmonic autocorrelator has been provided. Nonlinear effects, including the self-phase-

modulation, modulation instability, four-wave mixing, and Raman scattering, etc. have

been discussed.
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Chapter 2

Coupled-Cavity Mode Locking of KCI:Tl Colour-
Centre Laser with Optical Fibre

Since the demonstration of the soliton laser [1] - the original version of coupled-
cavity mode-locking scheme, extensive theoretical and experimental studies have been
conducted regarding its underlying mechanism and the operational optimisation [2-12].
The continuous trend of this study has resulted in the generation of laser pulses over a
wide spectral extension with duration previously unavailable in a number of laser
systems [5, 13-17]. Optical fibre was the first and still the dominant nonlinear element
used in this mode locking scheme, and proved to be versatile and economic. Although
the use of which has been well established, the optimisation of the CCM mode locking
is still beyond reach at the start of this project [18, 19]. Therefore, a further study of the
coupled-cavity mode-locked KCI:Tl colour-centre laser with optical fibre as the
nonlinear element in the control-cavity was conducted. It was found that two operational
regimes existed in the coupled-cavity mode-locked KCL:TI laser. Optimised operation of
the laser has resulted in routine generation of pulses having duration as short as 63 fs. It
is believed that such short pulses are among the shortest ever generated directly from
colour centre lasers working at the wavelength of around 1.5 pm.

This chapter is organised as follows. Firstly, a brief introduction of the colour-
centre laser is provided. Then, some of the characteristic features of the coupled-cavity
mode-locked KCI:Tl colour centre laser are presented, followed by the exploration of
pulse chirp-compensation using pair of prisms in the main laser cavity. At last the

optimised operation of the CCM laser is investigated.
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2.1. Introduction to the KCLTI colour centre laser

Before the discussion of the couple-cavity mode-locking of KCI:TI colour-centre
laser, a brief introduction of the colour-centre laser itself is necessary. Details can be
found in a number of literature [20-22].
2.1.1. Basic physics of colour centres
F-centre

Colour centres are simply point defects in crystal lattices. It may consist of one or
more electrons trapped at anionic vacancies in the lattice. In general, these defects have:
the effect of giving rise to the absorption of the host material (normally transparency)
within a wide range of spectral band in the visible region (and thus the term of colour-
centre). In alkali halide crystal lattices, colour centres have been intensively studied,
bringing about a number of lasers that cover a wide spectral range of 0.8-4.0 um.
Basically, there are two methods by which the colour-centre can be created. One is the
additive colouration method in which the colour centres are created by diffusing an

.excess amount of the alkali metal into an alkali-halide crystal. Another method is

radiation damage of the alkali-halide crystal so that electron-hole pairs can be generated.

In aklali halide crystal lattices, there are more than 15 different type of colour
centres that have been developed. The most fundamental colour centre, F centre ("F"
comes from the German word Farbe, means colour), consists of a single electron
trapped at a vacancy surrounded by an essentially undisturbed lattice, as shown in the
diagram of Figure 2.1(a). Although F centre itself does not give lasing action, but it
forms the building block for more complex, laser-active centres. If one of the
neighbouring alkali ions is a substitutional alkali impurity, say Li* in a KCI crystal, the
centre is called Fp centre, as shown in Figure 2.1(b). Similarly, the Fp centre is formed

by an F centre beside two substitutional impurities, as shown in Figure 2.1(c). There are

also many other colour centres, such as F, centre, F; centre, (F;)a centre, etc.. These

centres formed the basis for various colour-centre lasers.
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@ (® ©

Figure 2.1. Diagrams illustrating the structure of some of the colour-centres. (a) F centre, (b) FA centre,

(c) Fp centre. (the shaded cycles represent the substitutional alkali impurities.)

Although the F centre itself is not laser-active, the optical properties of which are
important in understanding the laser physics of other colour centres. By using a highly
simplified quantum mechanical model, the optical absorption and emission of the F
centre can be understood on a qualitative basis. This model regards that the F centres are
essentially electrons trapped in a three-dimensional square well. This well is formed by
the electrostatic potential of the positive ions surrounded the electron. By using this
model, the energy between the ground state and the first excited state is given by [see

Ref. 22]

3K?

R (2.1)

E
; 8ma

—Els =

P

where 1s denotes the ground state, 2p represents the excited state, h is the Planck's
constant, a is the box dimension, and 7 is the mass of the electron.
For most alkali halides, it was found experimentally that if distance a is taken as the

nearest neighbour separation, the F-band energy can be related to a as [see Ref. 22]

E,=17.7a7* (2.2)
In this equation, a is in unit of angstroms and E; is in electron volts. It is also known
as "Mollwo relation". In the alkali halide crystals, the lattice vibrations (phonons) will
result in the variation of the actual dimension of the square well at a period of less than
10-13 sec. From relation (2.2), it can be seen that this variation will, in turn, cause the \

energy levels to vary on the same time scale. Since this happens randomly and occurs at
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all F centres in a rate which is faster than the excited state lifetime of the centre,
homogeneously broadened absorption and emission bands are therefore assured.
TI°(1) centre

The laser-active centre used in this work was TI%(1) centre in KCI crystal.
Basically, the TI°(1) centre is formed by a neutral T] atom perturbed by the field of an
adjacent single anion vacancy, as the diagram shown in Figure 2.2. The formation of the
TI°(1) centre requires the use of the radiation damage method. The first step is to form
the KClI crystal with 0.2 mol% TI* dopant. Then, the KCI crystal is irradiated by
electron beams so that the F centres are generated. Next, the crystal is exposed to light
from a microscope lamp for about 10 minutes at a temperature of ~300C, allowing the

creation of TI°(1) centres.
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Figure 2.3. Absorption and emission bands of the KCI:Tl. (adopted from Ref.21)
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Figure 2.3 represents the absorption and emission bands of the KCL:T1 laser crystal.
Essentially, the pumping band of the laser is peaked at the wavelength of 1.04 um, and
the emission band is centred at 1.51 wm. The KCI:TI colour centre laser can be tuned

from 1.4 to 1.63 pm, and output power up to 1 W can be produced. Some parameters

related to the KCI: Tl colour centre lasers are summarised in Table 2.1.

Table 2.1. Some parameters of KCI: Tl colour-centre laser.

Parameters Values
Refractive index of the KCl 1.47

Peak absorption wavelength (A) 1.04 pm
Absorption band 650 cml

Peak emission wavelength (A) 1.51 pm

Tuning range (AA) 1.4 - 1.63 pm
Gain cross section (o) 1.3 x 10-17 cm?
Laser upper level lifetime (t) 1.6 us

Three characteristics make the colour-centre lasers unique in practical applications.
In the first case, the colour centre lasers cover an entire spectral range of 0.8 - 4 um, that
is where the dye laser stopped. Secondly, the homogeneously broadened absorption and
emission bands of the laser-active centres allow for the single-mode laser operation over
the entire tuning range of the laser. Thirdly, the large cross section combined with the
large homogeneous bandwidths makes it suitable for the generation of ultrashort laser
pulses. It is the last feature that is most interested in this work.

One drawback of the colour centre laser, however, is that the operation of the laser
requires the laser crystal being cooled at cryogenic temperature (~77 K). Failing to meet
this condition will lead to fading of the output power. At room temperature, the centres
may either thermally dissociate or become mobile and transform into non-lasing centres
through attachment to other defects. In practical laser system, the crystal is cooled by

anchoring to a cold finger which is usually maintained at ~77 K by a storage Dewar of

liquid nitrogen.
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2.1.2. KCIL:Tl colour-centre laser

The laser used in this study was based on a Burleigh F-centre laser system modified
by stretching the cavity length to about 1.8 m to match the length of the Nd:YAG pump
laser [23]. A schematic representation of the laser is shown in Figure 2.4. Essentially,
the laser crystal is clamped in a gold-coated cassette which is connected to a cold-finger.
The cold-finger itself is maintained at cryogenic temperature by thermal attachment to a
liquid nitrogen dewar located above the chamber housing the laser crystal. The chamber
is retained at vacuum condition (~10-6 Torr), that provides thermal insulation for the
crystal and prevents condensation on the crystal surfaces. Mirror M; can be adjusted
mechanically along the beam axis. With the modified laser cavity, mirror M4 has a focal
length of 0.5 m, and the output coupler Mg has a reflection of 78%. The tuning of the

output was completed by a birefringent filter.

Figure 2.4 Schematic diagram of the KCIl:Tl colour-centre laser.

The KCI:TI colour-centre laser crystal was pumped by a Nd:YAG laser beam using
coaxial pumping technique. In this pumping scheme, a Brewster angled beamsplitter
with coating that transmits the laser radiation (1.5 um) while reflects the pump radiation
(1.06 um), was used, as the diagram shown in Fig. 2.4. The crystal itself was also
oriented at Brewster's angle to minimise the reflectivity losses.

For synchronous mode-locking, the pump laser itself was mode-locked, and the
colour-centre laser cavity was adjusted to match the pumping laser cavity length. The

pump laser, a Spectra Physics Series 3000 Nd:YAG Laser System, typically generated

47




Chapter 2. Coupled-cavity mode locking of KCI:T! colour-centre laser with optical fibre

pulses having duration of around 100 ps, and an average output power up to 7 W in
single transverse mode could be produced. In the situation of synchronous mode-
locking, the KCIL:Tl colour-centre laser could produce pulses at few tens of picosecond.
The output power of the colour-centre could be as high as few hundreds milliwatts
depending on the pumping power level. The output power of the laser as a function of
pump power is shown in Figure 2.5. The slope efficiency was derived to be about 8%
with a output coupler of 22%. The tuning of the output could be obtained by a
birefringent filter inside the colour centre laser cavity. A typical tuning curve of the
colour centre is shown in Figure 2.6. It can be seen that the laser operates over a spectral
range in excess of 80 nm at a pump power of about 1.5 W. It is expected that at higher
pump power and with a relatively lower transmission of the output coupler the tuning

range would be much wider.
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Figure 2.5. Output power of the KCI:Tl centre laser as a function of pumping power.
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2.2. Operational characteristics of the CCM KCI:Tl colour-centre laser

As mentioned in Chapter 1, three kind of coupled-cavity mode-locking
configurations can be arranged, namely Fabry-Perot, Michelson, and Ring cavity
configuration. In comparison, the Michelson arrangement has the advantages of having
a relatively stable output characteristic and a compact cavity assembly [24]. Therefore,
throughout most of the work in this project a Michelson cavity arrangement was
employed.

In the experiment of this chapter, the nonlinear element used in the control-cavity
for the coupled-cavity mode-locking of the KCI:TI colour-centre laser was a 28 cm long
erbium-doped monomode optical fibre with zero dispersion located at about 1.43 pm.

Some of its characteristic parameters are shown in Table 2.2.

Table 2.2. Parameters of the Er-doped fibre used in the experiment

Parameters Values

Dopant concentration 1.6x1018 (cm3)
An 16x10~3

Core diameter 4.6 (um)

Zero dispersion wavelength 1.43 (um)

Dat 1.5 um 4.1 (ps/km/nm)

2.2.1 Experimental Set-up

The schematic diagram of the experimental set-up is shown in Fig. 2.7-(1). The
main laser cavity is formed through mirrors M;, My, M3, Mg, M, to Ms. If we term the
arm, of the Michelson arrangement, containing the optical fibre as the nonlinear branch,

and the another the linear branch. Then, it can be seen that the linear branch in the

arrangement here is composed of My My, and M. The nonlinear branch is formed by
Mo, Mg, M7, the optical fibre, and Mg. Mg acted as both the output coupler and the

beam splitter of the CCM laser, and had a transmission of T = 12%. Because there are

two parts of output, in reality Mg had a intensity transmission equivalent to 24%. One
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part of the output from Mg was coupled into the nonlinear branch, and another part was
taken as the laser output. The coupling of the laser beam into and out of the fibre was
accomplished by using two x20 microscope objectives ( AR coated over the spectral
range of the laser output). A variable neutral density filter enables the variation of the
power in the fibre. A small fraction of the output or that returned from the fibre was

used as reference signal of the stabilisation loop system.

Anttenuator Objective lens

Figure 2.7-(1) Experimental set-up of the CCM KCI:Tl colour centre laser with a Michelson

configuration.

A diagram of the typical stabilisation electronic loop system is shown in Fig. 2.7-
(2) [3, 19]. Essentially, the photodiode is illuminated by a portion of laser radiation. The
amplified signal of this photodiode output is then compared with an empirically set
reference voltage. The error signal of these two signals is amplified and drive the
piezoelectric transducer (PZT).

The procedure on the alignment of the CCM laser was conducted as follows.

Firstly, with the nonlinear branch blocked, the KCI: Tl colour-centre laser was adjusted




Chapter 2. Coupled-cavity mode locking of KCI: Tl colour-centre laser with optical fibre

for proper synchronous mode-locking, meanwhile the control cavity length was set
roughly equal to that of the main cavity. Secondly, using a photo-detector in front of
mirror Mg to optimise the coupling of laser beams into and out of the fibre. Thirdly, the
optimum feedback was achieved by detecting the signal returned from the fibre through
the adjustment of mirror Mg and the focal length of the second objective lens. Finally,
the matching position of the two cavities is determined through the variation of the
position of Mg by using a translation stage. The matching point can be predicted when a
dramatic enhancement of the mode-locking behaviour appears on the second harmonic
autocorrelation traces. At this stage, owing to the random vibration of the mirrors,
caused from the unstable environment, the laser operation occurs to switch randomly
between CCM mode-locking operation and synchronous mode-locking process. When
the stabilisation loop system is involved, through the adjustment of the error signal

applied to the PZT, the optimum coupled-cavity mode-locking operation can be

achieved.
5 Differenﬁal Reset
Photodiode -~ amplifier >
5 —\AN—1
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Figure 2.7-(2). Diagram of the stabilisation electronic loop system.

2.2.2. Two operational regimes
The foremost experiment was conducted without any bandwidth limiting element

(frequency tuning birefringent filter) inside the laser cavity. The output spectrum of the
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KCI:TI colour centre laser was essentially centred at a wavelength of 1.52 um. Without
the involvement of the control cavity, the KCL:TI colour centre alone typically produced
pulses at few tens of picosecond, and continuous mode locked pulse train could be

generated. A clear evidence of the stable mode locking operation is shown in Figure 2.8.

(®)

AL

Time scale: 5 ms/div. Time scale: 10 ns/div.

Figure 2.8. Output pulse train of the synchronously mode-locked KCI:TI colour-centre.

As the feedback from the control cavity was introduced, however, it was found that
two operational regimes were presented. These two regimes corresponded to different
phase settings of the two cavities, and could be achieved subsequently from Regime 1 to
Regime 2 or the opposite simply by altering the error signal applied to the PZT. Without
any external perturbation, either of the two operational regimes could run for hours
without failing. The output power in the two operation regimes were quite different as
well. It was found that the output power in Regime 2 was about 3 mW higher on
average than in Regime 1.

In Regime 1, a clean and relatively stable output pulse train could be obtained, but
pulse duration was longer. The interferometric autocorrelation trace indicated that a
strong frequency chirp existed over the pulse envelope. In Regime 2, relatively shorter
and less-chirped pulses could be obtained, but in this case the CCM mode locking
process was accompanied by a self Q-switching effect manifested in such a way that the
output pulse train was modulated in a period of about 2 us. An experimental result
illustrating this Q-switching effect is shown in Figure 2.9. They were recorded from a

fast oscilloscope in conjunction with a fast photodiode. Simply, the output of the laser
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was incident upon the fast diode and then the output electric signal of which was fed to
the oscilloscope. It can be clearly seen that within the envelope of the much longer Q-
switched pulses the laser was still mode locked. However, a broader CW back ground
signal was presented, which can be clearly seen from Figure 2.9 (b) - (e). The Q-
switched pulse was estimated to be about 1.2 ps in duration, and therefore there would

be about 100 mode locked pulses under each Q-switched pulse.

(a) Time scale: 5 ms/div (b) 2 ps/div (c) 0.5 ps/div

(d) 0.2 ps/div (e) 0.1 ps/div (f) 20 ns/div

Figure 2.9. Experimental results illustrating the Q-switching effect of the CCM laser. (These results

were recorded from a fast oscilloscope).

It has also been found that between these two regimes, there was a third unstable
operational regime. In this regime, the performance of the laser appeared to switch
between Regime 1 and Regime 2 randomly. A typical autocorrelation of the output
pulses in such case is shown in Figure 2.10. The jumping up and down of the
autocorrelation trace is a clear indication of the unstable operation of the laser. The case

of higher amplitude corresponded to Regime 2, while the lower one represented the case

of Regime 1.
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Figure 2.10. Autocorrelation trace illustrating the switching of the output between the two regimes.

Regime 1

With proper mode-locking operation in Regime 1, the intensity and interferometric
autocorrelation traces and the corresponding spectrum of typical output pulses are
shown in Figure 2.11. This set of result was obtained by setting the pumping power of
the Nd:YAG at 1.5 W, and the useful output power of the CCM laser was about 30
mW. The power coupled into the external fibre was maintained at about 20 mW. Under
such experimental conditions, the pulses obtained was about 170 fs with a spectral
width of 28 nm. The bandwidth-duration product of 0.73, which is much larger than
0.32 of transformed limited sech? pulses, indicates that the pulse was highly frequency
chirped. From the elevated wings of the interferometric autocorrelation trace, this
frequency chirp of the output pulses can also be inferred.

As the power coupled into the fibre was varied, the pulse duration and chirp feature
changed as well. At lower power level, relatively shorter and less chirped pulses could
be obtained. When the power level was increased, broader and stronger chirped pulses
tended to be produced. Diagrams illustrating these relationship is shown in Figure 2.12,
where (a) shows the variation of the pulse duration and spectral widths of the output
pulses as functions of power level in the fibre, (b) indicates the bandwidth-duration
product as a function of power in the fibre. It can be seen that pulses as short as 140 fs

can be generated when power level in the fibre was as low as 12 mW, and in this case
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Figure 2.11. Typical output autocorrelations and spectrum of the CCM laser. (a) Intensity

autocorrelation, (b) Interferometric autocorrelation, and (c) Spectrum.

the bandwidth duration product was about 0.40. When the power in the fibre reached to
25 mW, pulse duration increased to 190 fs, and the bandwidth-duration product of 0.96
indicates that a strong chirp existed across the pulse envelope. It also can be seen that as
the power in the fibre was increased from 12 mW to 25 mW the output spectral widths
increased from 22 nm to 39 nm. This could be attributed to the SPM induced spectral

broadening in the fibre, since the SPM effect gives rise to broader spectrum at higher

power level.




Chapter 2. Coupled-cavity mode locking of KCI:Tl colour-centre laser with optical fibre

200~ - 40 1.1

S ] (a o = P

& 1804 35 §, 0.9 -

0] —t— 5 o

S 1604 «—d -30%8 5 0.7-

g ] a E .g 0.7 &

5 14904 = —25% <05
5 RS [} @
- > w2

Q"lzo rllnlllllllliulltlx 20 0.3 ‘IIIIII!IllIlllIIIl
10 15 20 25 30 10 15 20 25 30
Average power in fibre (mW) Average power in fibre (mW)

Figure 2.12. (a). Variation of pulse duration and spectral widths as a function of power level in the

external fibre; (b) Bandwidth-duration products as a function of power level in the external fibre.

Regime 2 (Self Q-switching effect)

In Regime 2, although the output pulse train was modulated, but relatively shorter
and less chirped pulses could be generated. Figure 2.13 shows the variation of output
pulse duration, spectral widths and the bandwidth-duration products as functions of
intra-fibre power level. As can be seen that, contrary to Regime 1, the pulse duration of
Regime 2 decreased as the increase of the intra-fibre power level. At relatively lower
power level, say 13 mW, the pulse duration was about 150 fs. As the power in the fibre
reached to about 25 mW, pulses as short as 90 fs were produced, and in such case the
bandwidth-duration product was about 0.47. Although the spectral widths varied
notably from 21 nm at an average power of 13 mW to 40 nm at the power of 25 mW,
the bandwidth-duration product remained at about 0.4 (comparing to the data in Figure
2.12 (b), where the bandwidth-duration was as high as 0.96 at the same power level). A
typical interferometric autocorrelation of such modulated output pulses is shown in

Figure 2.14. The Q-switching feature may also be inferred from the vague fringes of the

interferometric autocorrelation traces.
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Figure 2.13. Variation of pulse duration, spectral widths (a), and the bandwidth-duration products (b) as a

Junction of power level in the external fibre (Regime 2).

Figure 2.14. Interferometric autocorrelation of output pulses (Regime 2).

When the power in the optical fibre was changed, the modulation period varied as
well. It was found that the modulation period increased with the increase of the power in
the fibre, a diagram showing this tendency is illustrated in Figure 2.15. It can be seen
that the modulation period varied in a time scale from about 1.4 pus to 2 us. As the
average power in the fibre was lower than 13 mW, the Q-switching effect no longer
existed, and at this stage the laser was very sensitive to external perturbation (slight
vibration of the table may eliminate the CCM operation). When the power level was

lower than 9 mW, coupled-cavity mode locking was very hard to achieve.
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Figure 2.15. Variation of modulation period with optical power level in the fibre.

Figure 2.16 shows the spectra of the CCM laser output for the two regimes. For the
purpose of comparison, the spectra of the two regimes were overlaid together. The
higher one corresponds to the case in Regime 2, the lower one represents the case of
Regime 1. It can be seen that in both cases the spectra became asymmetric as the power
level in the fibre was increased. Notably, the centre of the spectrum for the two regimes
were in quite a difference. This difference became large when the power in the fibre was
increased. The spectrum at Regime 2 located at the longer wavelength side respected to
the spectrum at Regime 1. The spectral widths in both cases became large when the
power in the fibre was increased.

Discussion

A theoretical work performed by Kelly [25], where an empty external cavity was
presumed, showed a same result as presented here. In that paper, it was indicated that if
the pulses returned from the external cavity and that being circulated in the main cavity
had the opposite phase (anti-phase) when adding at the common mirror, the laser would
exhibit a series of intermittent large scale intensity fluctuations, which is casually defined
as Q-switching or pulse train modulation here.

The Q-switching behaviour probably can be conceived as follow. It is known that
the shortest pulse is generated at a phase difference of -7t/2 between the pulses returned
from the control cavity and that being circulated in the main cavity [8]. The nonlinear

phase shift resulted from the SPM in the fibre is proportional to the instantaneous
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Figure 2.16. Output spectra of the two regimes at different power level in the fibre. The lower one

corresponds to Regime 2, higher one represents Regime 1. (Referring to Fig 2.12 (a) and Fig. 2.13 (a)).

intensity of the pulse, and therefore is different across the pulse envelope - largest in the

pulse centre and becomes smaller towards the wings. Assuming, now, that the two

pulses are overlapped at a phase difference of about -7t/2 in the pulse centre. When the
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laser is turned on and the external cavity is involved, the coupled-cavity mode-locking
process will eventually built up. As the evolution continuous, the pulse is becoming
shorter, and thus the instantaneous intensity becomes greater. As a result, the nonlinear
phase shift introduced from the SPM is becoming larger. At some stage, the phase
difference between the two pulses in the centre may reach beyond -n/2. In such case, the
addition of the two pulses in the centre is no longer constructive but characterised by a
destructive feature. The consequence would be a collapse of the CCM process.
However, at this stage, the colour-centre is still synchronously mode-locked, and the
external cavity is still in action. After some recovery time, the coupled-cavity mode-
locking process will be built up again. The time interval between the two Q-switched
pulses is in fact correspondent to the build-up time of the CCM laser. In the experiment
here, it was about 0.8 ps, which was in good agreement with the experimental result (~1
us) obtained by Zhu [26].

2.2.3 Dispersion compensation by using pair of prisms

The chirp feature of the output pulses, as illustrated in Figure 2.11, was examined
by passing the output pulses through a length of glass rod. It was found that the pulse
duration was reduced from 170 fs to about 140 fs after passing through 30 cm long
glass rod, and the chirp was largely reduced. It was known that the glass rod used in the
experiment had a anomalous GVD at wavelength of 1.5 pm, therefore, it could be
concluded that the output pulse of the laser was positive chirped. This chirp is believed
to be predominantly resulted from the self-phase-modulation in the fibre.

Frequency chirp compensation in CCM lasers has been performed in a number of
laser systems. The chirp can be compressed by inserting additional dispersion element in
either the control cavity or the main laser cavity. With a length of glass rod in the control
cavity of a CCM KCIL:TI colour centre laser, Zhu [27] has observed a reduction of pulse
duration from 140 fs to 90 fs. By using pair of prisms in the main laser cavity of a CCM

Ti:Sapphire laser, chirp compensation has also been implemented [28]. In the followin;g
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experiment, the exploitation of prism pair in the main laser cavity of the CCM KCI:T1
laser will be investigated.

The experimental arrangement is similar to Figure 2.7, except that a prism pair was
inserted in the main laser cavity. Figure 2.17 shows the arrangement of the prism pair in
the main cavity. Essentially, the prism pair was located close to the end mirror of the
main cavity so as to reduce beam distortion thus introduced. Each of the prisms was
mounted on a three dimensional translation stage, so that the distance between the two

prisms and the optical path length of the laser beam within the prisms could be easily

varied.

Linear branch of the Michelson arrangement

Figure 2,17. Experiment arrangement of the prism pair in the main laser cavity. (Refer to Fig. 2.7).
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Figure 2.18. Variation of pulse duration as a function of the two prisms' separation.

Figure 2.18 shows the variation of the pulse duration as a function of relative
distance between the two prisms. As can be seen that when the separation of the two

prisms was very large, the negative dispersion thus introduced might be too big, instead
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of shortening the output pulse was greatly broadened. For example, when the separation
of two prisms was about 263 mm the pulse duration was as large as 400 fs. As the
separation of the two prisms was reduced, the pulses was decreased as well. Reduction
of the two prisms' separation to 96 mm lead to the generation of pulses having duration
of 64 fs and a bandwidth-duration product of 0.35. The interferometric autocorrelation
and the spectrum of the 64 fs pulses are shown in Figure 2.19. The broader shoulder
appeared at the wings of the autocorrelation trace might indicate that the output pulses
had an asymmetric profile. While the undesired sub-feature appeared on the spectrum
implies a noisy output. By further decrease of the two prisms' separation to less than 96
mm, not much change in the pulse duration was observed. Due to the restriction of the
prism's mount, the separation of the two prisms could not be tuned to less than 60 mm.
At last it should be mentioned that the above results were obtained in the case of an intra-

fibre power level of 20 mW.
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Figure 2.19. Interferometric autocorrelation and spectrum of 64 fs pulses, obtained when the separation

of the two prisms was 96 mm.

As the power coupled into the fibre was varied, it was found that the output pulse
duration and the pulse profile changed as well. At higher power level, autocorrelation

traces that appeared having extended wings, as shown in Figure 2.20, was frequently
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observed. However as the power was relatively low, the CCM operation was liable to
collapse. The optimum separation of the two prisms was also different at varied power
levels. This might be related with the frequency chirp introduce in the fibre. At high
power level, strong chirp could be induced, therefore to compensated for this chirp
larger separation might be needed. It should be indicated that a notable feature
accompanied was the strong noise appeared on the output pulses, which can be inferred
from the noisy feature appeared on the spectrum of Figure 2.19 (b). Measurement has
indicated that the output power fluctuated randomly in time within a range of 3 mW.

This fluctuation appeared on the autocorrelation trace to be a jumping -up and -down.

Figure 2.20. Typical interferometric autocorrelation of output pulses

Discussion

Although shorter pulses could be achieved, dispersion compensation with prism
pair in the main laser cavity seems not quite suitable for the KCI:TI colour centre laser.
This can be reasoned as follow. First, the insertion of the prism pair has caused an
unstable operation of the CCM laser, and the output pulses appeared having a strong
noise feature. These undesired effects were most probably resulted from the alteration in
the property of the transverse beam profile introduced by the prism pair. Second, the
sign of the dispersion introduced by the prisms pair was the same as that of the laser
crystal and the windows in the cavity at the lasing wavelength (all have a negative GVD

at 1.5 pm), thus it seems un-practical to insert such an "huge" system in the main cavity
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just for compensating the frequency chirp introduced in the control cavity. As for the
case of Ti:Sapphsire lasers was concerned, the relatively longer crystal can introduce
large frequency chirp to the laser pulses, and the sign of this chirp is contrary to the
chirp introduced by the prism pair, therefore the prism pair is in fact acted to compensate
the chirps introduced by both the laser crystal and the fibre in the external cavity.
2.2.4 Optimisation of CCM laser operation

As a birefringent filter was inserted in the main cavity, it was found that the CCM
performance was significantly improved. In addition to the compression of the
frequency chirp imposed on the output pulses, the Q-switching effect was also avoided.
By orienting the optical axis of the filter parallel to the laser beam, pulses as short as 63
fs has been obtained.

The primary motivation of the insertion of the filter in the main cavity was to limit
the lasing bandwidth and thus reduce the frequency chirp of the output pulses. Firstly, a
0.3 mm thick birefringent filter was inserted into the main laser cavity. It was found that
apart from the reduction in frequency chirp, the Q-switching effect was also avoided. In
such case, the noise feature occurred previously was largely removed and the
performance of the laser appeared much more stable. However, the pulse duration was
notably increased to above 200 fs, in the case that the operating wavelength was selected
by the filter. Such increase in the pulse duration could be understood as a result of the
restriction on the lasing bandwidth due to the insertion of the birefringent filter. The
pulse duration as a function of operation wavelength is shown in Figure 2.21. It can be
seen that as the wavelength was tuned toward longer wavelength side the pulse duration
became shorter. This feature could be attributed to two factors: one is the dependence of
the transmission bandwidth of the birefringent filter on the operating wavelength, the

another is the dispersive feature of the optical fibre.
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Figure 2.21. Pulse duration of CCM laser output at different working wavelengths (with 1 mm

thick birefringent filter in main cavity).
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Fig. 2.22. Intensity and interferometric autocorrelation traces and spectrum of the output pulses, when
the optical axis of a 0.3 mm birefringent filter in the main cavity was oriented parallel to the laser

beam.
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When the birefringent filter was tuned to the point where its optical axis was parallel
to the laser beam, a large reduction in the output pulse duration was observed. In such
case, the filter essentially had no limitation on the lasing bandwidth, but might
introduced additional chirp to the laser pulses. Figure 2.22 shows the intensity and
interferometric autocorrelation traces and the correspondent spectrum of the shortest
pulses obtained with the 0.3 mm filter in the main cavity. The pulse duration of 87 fs is
more than two folds shorter than that when the filter was oriented for restricting the
lasing bandwidths. The bandwidth-duration product of 0.36 indicates that the pulse was
nearly transformed limited (sech? pulse profile assumed). This result was obtained with

a power level of about 16 mW in the fibre and an useful output power of 25 mW from

the CCM laser.
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Fig. 2.23. Intensity and interferometric autocorrelation traces and spectrum of pulses returned from the

fibre (corresponding to Fig. 2.22).
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The autocorrelation and spectrum of the pulses returned from the external cavity is
shown in Figure 2.23. Compared with Fig. 2.22, the pulse duration of about 96 fs was
slightly greater than that of the output pulses, while the spectrum of which was greatly
extended. This large spectral extension was believed to be mainly resulted from the SPM
effect in the fibre.

To further reduce the pulse duration, the 0.3 mm thick filter was replaced by a 1
mm thick filter. It was observed that at appreciate intra-fibre power level transform
limited output pulses having duration of less than 70 fs could be produced. Figure 2.24
shows the second-harmonic interferometric autocorrelation and the correspondent
spectra of the output pulses at different intra-fibre power level. It can be seen that the
output pulse duration decreased as the power in the external fibre was increased. When
the power level in the fibre reached to 20 mW, pulses having duration of 63 fs was
generated and the output spectral width in this case was as large as 45 nm. At higher
intra-fibre power level (> 16 mW), a notable feature of the spectrum was the long tail
appeared at the shorter wavelength side, which was transferred from the pulses returned
from the external cavity and probably resulted from the higher-order dispersion term in
the fibre. The diagram showing the variation of output pulse duration, spectral width

and the bandwidth-duration products as function of power level in the fibre are shown in

Figure 2.25.
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Figure 2. 25. Variations of pulse duration, spectral width (a); and the bandwidth-duration products (b) as

a function of power level in the fibre.

For different power level in the external fibre, the spectra returned from the fibre is
shown in Figure 2.26. At low power levels, say lower than 12 mW, the spectrum was
symmetrically broadened. However, when the power level in the fibre was higher than
12 mW, the spectrum became asymmetric. The spectral profiles seem very different
from the purely self-phase modulation induced spectral broadening in the way that
depletion and large frequency shift occurred at the short wavelength side. By further
increasing of the power in the fibre to above 16 mW, a spectral peak at the short
wavelength side was gradually built up. It is believed that this depleted spectral profile
was probably resulted from the involvement of the third-order dispersion term, because,
as the pulses propagating in the fibre was relatively shorter, the higher-order dispersion

terms could become important. In the experiment here, the duration of the output pulses
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was less than 70 fs and the average power level in the fibre was higher than 16 mW, it is

necessary to take account of the third-order dispersion effect.
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Figure 2. 26. Spectra of pulses returned from the external cavity at different power levels in the fibre.
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2.3. Summary

In this chapter, the coupled-cavity mode locking of KCI:Tl colour centre laser with
a 28 cm long optical fibre as the nonlinear element in the Michelson cavity arrangement
has been presented. Two operational regimes were observed when there were no
bandwidth limiting element (for example, a birefringent filter) in the main laser cavity. In
Regime 1, clear CW mode-locked pulse train could be generated, whereas in such case
the output pulse was relatively broader and was heavily chirped. In Regime 2, shorter
and less chirped pulse could be obtained, however, the output pulse train was modulated
with much longer Q-switched pulses. These two regimes could be obtained
subsequently from Regime 1 to Regime 2 or the opposite by simply altering the
reference signal applied to the PZT (i.e. varying the phase difference of the two cavity
pulses).

Examination of the chirp feature in Regime 1 by passing the output pulse through a
length of glass rod revealed that the output pulses were positive chirped, therefore
dispersion compensation by using prisms' pair in the main laser cavity was explored.
Pulses as short as 64 fs has been produced when the two prisms separated at 96 mm. It
was found that although the pulse was shortened and the chirp was compresstad, but the
laser suffered an unstable operation.

In the motivation of restricting the lasing bandwidth and thus reducing the output
pulse chirp, a 0.3 mm thick birefringent filter was inserted into the main cavity. It was
found that in addition to the chirp compression the Q-switching effect was also avoided.
However, in such case, the pulse duration was increased to above 200 fs. By orienting
the optical axis of the filter parallel to the laser beam, transform limited pulses having
duration of 87 fs was produced. As a 1 mm thick filter was used to replace the 0.3 mm

filter, pulses as short as 63 fs has been generated.
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Chapter 3

Pulse propagation in passive AlIGaAs waveguides

3.1. Introduction

The exploitation of third-order susceptibility in passive semiconductor
waveguides has attracted much interest during recent years, predominantly promoted
by their potential application in optical communication systems [1, 2]. Based on their
third-order susceptibility, a number of all-optical signal processing devices have been
reported. These include the nonlinear directional coupler [3], nonlinear Mach-Zehnder
interferometer [4], and nonlinear mode sorter [5]. Compared with glass fibres, the Kerr
nonlinearity in AlGaAs waveguides working at the half-band gap is two orders of
magnitude larger [6]. This large nonlinearity makes the waveguide a suitable
alternative as the nonlinear element in a coupled-cavity mode locked colour centre
laser. To investigate the potential of this nonlinear device as the nonlinear element in
the control cavity of such a laser, an examination of the waveguide parameters was
performed as described in this chapter. This was done through a study of the
propagation of ultrashort laser pulses in the waveguide, and some of the fundamental
concepts concerning particular waveguide characteristics will be emphasised.
3.1.1. Band structure of semiconductors

Analogous to most of the semiconductors, the passive AlGaAs waveguides
possess an electron energy band structure that consists of a conduction band and the
valence band, as shown in Fig. 3.1. At low temperature and in the absence of any
external excitation (for example, optical pumping or electrical bias), the conduction

band is normally empty and the valence band usually has a full occupancy with
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electrons. The conduction band is separated from the valence band by an energy gap
Eg. For compound semiconductors, such as AlGaAs, the band gap energy can be

varied by changing the composition ratio of the three constituents, Al, Ga, and As [7].

E
Conduction band
Electrons /
J
h K
Two-photon 2E o
absorption 1A ~Radiation  E_
3E }
Three-photon e X 1
absorption
P 3 \ S, Valence band

Holes —1/ / \ \

Figure 3.1. Diagram showing the typical band structure of semiconductors and the

illustration of two- and three- photon absorption.

The quantum property of the semiconductor material can be characterised by a

threshold wavelength, which is related to the bandgap energy, Eg, by the expression

)

he 1.24
i e :
1 . - [1m] (3.1

where h is the Planck's constant, c is the light speed in vacuum, and the Eg is in unit
of eV. When the incident optical wavelength satisfies 4 < Am (frequency v > v,,), the
quantum interaction between the optical field and the valence band electrons
dominates the loss mechanisms and gives rise to a rapid attenuation of the optical
signal. This quantum interaction generally excites an electron across the band gap and
thus an electron-hole pair is created. As the optical wavelength A exceeds A, the
direct band-to-band excitation becomes impossible, other attenuation mechanisms,
such as multi-photon absorption, scattering, in this case may become dominant. That is

the reason why all semiconductor detectors have a cut-off wavelength (beyond this
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wavelength the electromagnetic wave is undetectable). In the inverse process, the
recombination of electrons and holes can result in the emission of radiation. The
fundamental mechanism of LEDs and semiconductor lasers is based on this latter
process. The study of this chapter is mainly concerned with the propagation of
ultrashort light pulses in passive AlGaAs waveguides and thus absorption associated
with the multi-photon absorption effects will be discussed.
3.1.2. Introduction to the passive AlGaAs waveguides

The AlGaAs waveguides used throughout the experiments described in this thesis
were fabricated by researchers in the University of Glasgow. They were produced by
using MBE growth on a GaAs substrate. The 1.5 pm thick Alg 18Gagg2As guiding
layer was sandwiched between a 4 um thick buffer layer and a 1.5 pm thick cladding

layer, both with 24% Al composition. Guiding ribs having widths between 3 and 5.5
pm were revealed in the upper cladding layer to a depth of approximately 1.3 um

using reactive ion etching. A cross-section of the AlGaAs waveguides is illustrated in

Figure 3.2.

3.0 um - 5.5 um

Figure 3.2. Cross-section of the waveguide used in the experiments.
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For all the measurements described in this chapter, a 3.03 mm long waveguide
having its two facets cleaved normal to the ridge line was used. The ridge of the
waveguide was 4 um wide, and etched to 1.06 pm deep.

3.2. Attenuation and absorption in semiconductor waveguides
3.2.1. Linear attenuation
The total loss of the waveguides to an optical field can be expressed as [9]

d1(z)

5, =B, I* = B’ (3.2)

where o represents the linear loss coefficient, 3, and f3, are the two-photon and three- -
photon absorption coefficients respectively. At low optical intensity, in the case before
the appearance of laser, the higher-order absorption effects are very weak and can be
neglected, and the linear term « in this case is in dominant. However, as the light
intensity becomes higher, the effects of two- and three-photon absorption can be very
significant and could become a limiting factor for the implementation of practical
optical devices [10].

If only the linear loss is considered, the intensity I after travelling a distance L

within the medium relates to the incident intensity I, and linear loss coefficient «

I=Ie™ (3.3)

The linear coefficient ¢rin the equation is in unit of ¢, In an optical communication

system, a more commonly used expression in units of dB/cm, is given below [11]

y 10 I
o'(dB/cm)= —-L-logm(T)
0

10 (3.4)
=——=4.
n10 o 343¢

Direct interband transitions, scattering and thermal effects all could contribute to
the linear loss of the waveguides. In the study here, the optical photon energy of the
incident light is near the half-band gap of the AlGaAs, and so the absorption

associated with the direct interband transition is impossible. The main loss associated
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with the linear term in Equation (3.2) would result mainly from the scattering due to
the imperfections in the ridge structure, for example, by imperfect photolithography
and etching steps. With development in such fabrication techniques, AlGaAs
waveguides with linear losses as low as 0.15 dB/cm (0.035 cm-l) at a wavelength of
1.52 pm has been reported [12].

3.2.2. Nonlinear loss: Multi-photon absorption (MPA)

Basic concepts

Multiphoton absorption processes have been extensively studied since the advent
of the laser over three decades ago [13, 14]. Conceptually, the multiphoton absorption
is readily understood. It involves the transition of an election from the low valence
band to the higher conduction band due to the absorption of two or more photons of
the incident light. The general theory of MPA process was initially treated by Goppert-
Mayer in 1936 using a nth-order time-dependent perturbation theory and obtained an
expression for the probability of the simultaneous absorption of n photons by a single
atomic electron [15]. However, the quantitative calculation of the transition rate is not
easy because it requires a knowledge of the eigenstates of the crystal and'summation
over all the energy bands [9].

In general, when the photon energy is above the band-gap energy, the
fundamental absorption (single-photon transition or absorption) dominates the
attenuation mechanism and therefore the material employed is said “opaque “to the
radiation field. The multiphoton absorption in this case is comparatively much weaker.
Wherever the photon energy falls below the bandgap energy, the single-photon
absorption becomes no longer possible and the material is said to be of "transparent "
to the radiation field. The multiphoton absorption in this case might become an
apparent loss factor to the optical field and may affect the practical performance of
optical devices, as for the case of all-optical switching in waveguides, especially at

higher incident optical intensities.
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Two-photon absorption

Two-photon absorption can be treated as the fundamental transition mechanism for
excitation in the transparent region of the material. The simultaneous absorption of
two photons of energies E, and E, produces an excitation of energy of E, + E,, and
the subsequent luminescence depends quadratically on the intensity of the exciting
radiation. It has been shown by Van Stryland et al. that in direct bandgap

semiconductors the two-photon absorption coefficient §, scales inversely with the

cube of bandgap energy [13]. This relation can be expressed as

B, = K\E,F2hw / E,) / n*E2 (3.5)
K is a constant for all materials and has a value of 3100, E, is a parameter of material

dependence but is approximately constant, normally taken as 20 eV. The function

F(2hw / E,)is given by the relation

(2h@ / E, - 1)
(2ha@ / E, ¥

F(2ho / E,) = (3.6)

where 7@ is the photon energy.

Victor Mizrahi et al. [10] demonstrated that two-photon absorption can place a
fundamental limitation on the usefulness of any high %(3) material in all-optical
switching schemes based on an intensity-dependent refractive index. This limitation
was formulated in terms of a geometry-independent criterion. A general criterion for

avoiding large TPA-induced loss is given by

I L<1 37
assuming no linear loss. For a nonlinear directional coupler, the light-induced phase

shift required is 4, the criterion for switching is given as

_ 27n2lL
A

where A is the vacuum wavelength of light, L is the length of the waveguide, and I, is

4w (3.8)

the required switching intensity inside the waveguide, taking into account the
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waveguide mode profile. Combining relation (3.7) and Eq. (3.8), the criterion for a

directional coupler is

<1 (3.9)

where T is defined as the figure of merit, meaning that for effective switching a value

of less than 1 is required.

Villeneuve et al. [16] have measured the nonlinear refractive index ny and two-
photon absorption coefficient 8, near half the bandgap in a MBE-grown, AlGaAs
waveguides. It was shown that the two-photon absorption coefficient of the
waveguides was in a range from 0.1 cm/GW to 1.2 em/GW within the wavelength
scale from 1660 nm to 1490 nm. The figure of merit T deduced exhibits a trend in
which it decreases with increasing wavelength. The value of figure of merit was less
than one at the longer wavelengths beyond 1500 nm. This shows promise for efficient
nonlinear interaction.

3.3. Intensity-dependent refractive index in semiconductor waveguides

There have been been extensive studies of the third-order nonlinear susceptibility
2® related nonlinearity in semiconductor waveguides. These are actively pursued
because of two motivations. In the first instance, the optical waveguide geometry
offers a means of avoiding the unattractively high pumping power generally required
for conventional bulk nonlinear optics. Secondly, it has been recognised that the
passive and active guided-wave optical devices could be incorporated into compact
monolithic optical circuits capable of complex functions which mimic some aspects of
integrated electronics. In practice, the confinement of optical light in the
semiconductor waveguide makes it a suitable element for all-optical processing
devices based on the third-order nonlinear susceptibility, ¥ .

Nonlinear optical processes are often limited by their time responée, heating, or
loss which relates to the excitation of charge carriers in the material. It is an advantage
for many photonic applications if the nonlinear process is dominated by a refractive

change that promptly follows the pump field without significant loss in the material.
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Unfortunately nonlinear index changes are intrinsically connected with nonlinear loss.
Resonant nonlinearity can be extremely large, but recovery time are slow because they
are limited by the carrier recombination. Nonresonant nonlinearities (such as Kerr
effect) have a rapid recovery time because they are not associated with any population
transfer. Different mechanisms can contribute to the third-order nonlinearity and these
will be briefly discussed below.

3.3.1. Kerr effect

The Kerr effect, or bound electron nonlinearity, offers the fastest response to the
optical light pulses. This effect can be described as harmonic oscillations of bound
electrons which yields a nonlinear index change without the absorption of energy.
Since no electron bonds are broken, carriers are not generated, and the relaxation time
to an intense pulse of light can be extremely rapid, of the order 10-14 s [2].

In general, the Kerr nonlinear refractive index ng of a semiconductor waveguide
can be obtained by measuring the self-phase-modulation induced phase shift of
ultrashort, high intensity light pulses travelling through the waveguide. It is known
that the maximum nonlinear phase shift imposed on a pump pulse propagating in a

material having third-order optical nonlinearity nj is given by

2
A¢=TEanI - (3.10)

where L is the interaction length, I is the light intensity at the temporal peak of the
pulse averaged over the spatial beam mode, and A is the wavelength. It can be seen
that if the nonlinear phase shift, waveguide length and the peak intensity in the
waveguide are known then the nonlinear refractive index can be derived as discussed
later.

Equivalent to Equation (3.5), for the intensity-dependent refractive index np, a
corresponding scaling law also exists, which was derived from the application of

Kramers-Kronig relation to the scaling law given by Eq. (3.5) and has the form of [17]
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G,(ha)/E,)

n,(esu) = K ~ B.11)

where K'=3.4x10"%, G,(hw/ E,) is the dispersion function obtained from a

Kromers-Kronig transform on F(2A® / E,) given in Equation (3.6). It can be seen that

the nonlinear refractive index np scales inversely as the fourth power of the band-gap
energy.

For the half-bandgap AlGaAs waveguide used here, the nonlinear refractive index
is estimated to be in the order of 10-13 cm2/W at wavelength of around 1.5 pm. This
value is more than two orders magnitude larger than that in glass fibres. Glass fibres
have one of the lowest optical nonlinearities because of their large band gap, A notable
feature for optical fibres is that one is able to make low-loss optical fibres many
kilometres in length so that despite the low nonlinearity, large phase shifts can be
obtained. However, using semiconductor waveguides less than one centimetre in
length one can achieve a large phase shift, if operating at photon energies just below
half of the band-gap energy so as to avoid two-photon absorption. Phase shift,
resulting from the Kerr nonlinearity, as large as 4.5 7t have been observed by Ho et al.
in Alp2Gag gAs waveguides for wavelengths below the two-photon absorption edge.
[18].

3.3.2. Effect of free carriers to the third-order nonlinearity

Carriers generated from the multiphoton absorption will also contribute to the

refractive index changes of waveguide material. This can be understood as the result of

intensity-dependent change in the first-order susceptibility, Ay, owing to the carrier

populations. It can be described by quoting an effective third-order susceptibility, 75;;’,

and the induced polarisation could be expressed as

P(w) = (¢ + 2P [E®] )E(@) = (1 + Ax®)E(w) (3.12)

where E(®) is the magnitude of incident light field [14].
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3.3.3. Thermal effect on the refractive index

The dissipation of absorbed energy will inevitably lead to heating of the crystal
lattice. The rise in temperature in turn could lead to the refractive changes of the
waveguides. The reason for refractive index changes can be understood as a result of
the bandgap variation at different temperatures. The magnitude of this is related to the
material absorption coefficient, heat capacity, thermal conductivity, and temperature
dependence of the linear refractive index [2, 14].
3.3.4. Electrostrictive nonlinearity

Electrostrictive nonlinearity is one of the mechanisms responsible for the self-
trapping of intense laser beams. It was originally encountered when dealing with self-
focusing effect of Q-switched laser pulses propagated through liquids [see, for
example, Ref. 19]. This effect arises from the strain field induced by the laser pulse
and is proportional to the gradient of the laser intensity. The strain fields causes a
position-dependent variation of the density of the material, thus giving rise to the
focusing of laser beam. This characteristic is a slow nonlinear effect where the
response time is typically in the nanosecond regime [20]. For pulses with picosecond
and femtosecond durations, this effect is very weak and can therefore be neglected.
3.4. Dispersion in semiconductor waveguides

As in all materials, the refractive index of semiconductor waveguides is
wavelength-dependent and so the different spectral components of optical pulses travel
at different group velocities. Therefore, after passing through the waveguide, ultrashort
light pulses with a broad spectrum may well acquire some appreciable temporal
broadening. Such pulse broadening could become a limiting factor for the
implementation of practical all-optical devices. Furthermore, when it is combined with
the spectral broadening effect due to SPM, this effect could be more severe. It has
been reported that pulses with duration of 430 fs are broadened to 650 fs after passing
through a 2 mm long AlGaAs waveguide [21]. However, such effects have not yet

been taken into account when dealing with practical waveguide devices. In this
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chapter, some experimental results related to pulse broadening in AlGaAs waveguide
will be presented. In Chapter 6, an experiment for measuring the GVD of the
waveguide will be described.
3.5. Experimental measurement of the waveguide parameters
3.5.1. Linear loss measurement
Principle of measurement

The most commonly used method for determining the linear loss of a
semiconductor waveguide is to utilise the transmission feature of a Fabry-Perot
resonator structure. By measuring the transmission at resonance and anti-resonance of
the resonator through varying the length of the waveguide, the linear loss can be
obtained. Kaminow and Stulz were the first to use a waveguide Fabry-Perot structure
to determine the loss of a nominal 4 pum strip guide [22]. The principle of the
measurement is quite straight forward. It is known that the optical power transmitted
from the Fabry-Perot (FP) waveguide resonators formed by the two cleaved opposite
facets of the waveguides is given by

(1 i R)Z e—aL
(1- R)? +4Rsin?(¢) °

T(¢)= (3.13)

when a perfectly coherent, monochromatic incident light beam is assumed. In this

equation, & represents the linear propagation loss coefficient, I is the effective input

intensity including losses due to input, L is the waveguide length, R is the facet
reflectivity, and R=Re™* ¢ =2mn,L / Ay is the single-pass phase shift in the
waveguide, o is the effective mode index. It can be seen that the transmission factor
T(¢) varies periodically as the phase term¢. The maximum and minimum

transmission occur when the phase term¢ is 0, 7 and 7 /2, 37 / 2, respectively. The

contrast of the transmission feature is given by

2 G 2R

max min

= Tmax+Tmi.n o 1+R2 (3.14)

By solving this equation, then:
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R=Re %=

= 1-+1-K?
K

(3.15)
Therefore, the linear attenuation coefficient is given as
- _ K2
=Y - 220K a1

From this equation, it can seen that the linear loss coefficient o can be obtained from
a measurement of the fringe contrast Kof the transmitted signal, provided that the
facet reflectivity and waveguide length are known.

If the refractive index of the material is obtainable the facet amplitude reflectivity

can be readily achieved from the Fresnel equation, which is given by [23]

. _m,cos6,—n cosb,
I n,c086, +n,cosé, (3.17)

where n, and n, are the refractive index in the input space and output space, 6; and
0, are the incident and refractive angles respectively, and the polarisation of the light

is assumed to be parallel to the incident plane. In normal incident situation, both 6,

iy 2

and 6, equal zero, and therefore the intensity reflectivity is given by R = %—'—:@1—;?
n, +n,

Normally, for linear loss measurement of a waveguide, the facets of the waveguide is

cleaved perpendicular to the ridge line. Therefore, the facet reflectivity can be

expressed as
(ncﬂ' = 1)2
“ng i
of
where 1, is the effective refractive index of the waveguide (assuming that the input

space is the free space, where n; =~ 1).

A more accurate measurement of the linear loss is to measure the resonance and
anti-resonance transmission of waveguides at different lengths [12]. By fitting the data
at different guide lengths, both the linear loss and facet reflectivity can be determined.
However, this method requires that the waveguide facets in each case are cleaved in

the same manner, so that an identical facet reflectivity can be assigned.
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Linear loss measurement of AlIGaAs waveguides

The experimental arrangement is shown in Figure 3.3. A KCIL:TI colour centre
laser, as discussed in Chapter 2, was employed for this evaluation. The Nd:YAG pump
laser was switched to CW output operation from the original mode locked operation,
so as to obtain a narrow linewidth output. A three-stage birefringent filter was used in
the colour-centre laser cavity to select the output wavelength, as well as to restrict the
output bandwidth. The output of the laser was polarised in the horizontal direction
(TE). The output of the laser was coupled in and out of the waveguide by using two
X20 objectives. An attenuator was used to change the power coupled into the
waveguide. To avoid feedback from the waveguide facets, an optical isolator was
included within the laser beam. A photo diode was used to detect the transmitted
signal from the waveguide, and the output of this was fed into an storage oscilloscope.
During the initial coupling procedure, an infrared CCD camera monitored the mode

profile of the laser beam out of waveguide, so as to ensure an optimised coupling.

CW output ——|3.03 rnm|-—

Attenuator
Photodiode

Figure 3. 3. Layout illustrating the experimental arrangement for the measurement

of the linear attenuation of the waveguide.

The measurement could be conducted either by varying the laser output
wavelength through the birefringent filter in the cavity, or by varying the waveguide
length through altering the temperature, so as to change the phase term in Eq. (3.13).
In practice both methods were employed and both of them gave a similar result. In the

discussion here, only the latter case will be discussed.

85




Chapter 3. Pulse propagation in passive AlGaAs waveguides

The measurement was conducted with the colour-centre laser output setting at a
wavelength of 1516 nm. To vary the temperature and thus alter the waveguide length
and the phase shift of the laser beam within the waveguide, a liquid-nitrogen-soaked
cotton ball was brought closs to the waveguide. At the same time, the variation of the
waveguide transmission was recorded by using the storage oscilloscope. One key point
is that the zero-reference level must be recorded at every time, although the assessment

of the absolute value of the transmission is not necessary.

—

o
—_
e

Transmission
=
.
bt
o
—

Gy TR AR AL

Temperature

Figure 3.4. [Experimental result showing the variation of transmission of a 3.03 mm

long AlGaAs waveguide as a function of temperature.

Figure 3.4 shows the experimental result of the variation of transmission as a
function of temperature, taken from an oscilloscope. It needs to be noted that the high
transmission of 0.67 at resonance and the low transmission of 0.26 at anti-resonance
shown in the diagram do no represent the real values of the waveguide transmission,

they only give a relative value of the waveguide transmission. The fringe contrast K

was given by

_0.67-0.26 _ 0.44
0.67 +0.26

It is known that the effective refractive index of the waveguide in the guiding region is
3.32 and so if this value is teken into Equation (3.18) the facet reflectivity is deduced

to be 0.29. Following the discussion of the preceding section, if by taking the facet
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reflectivity R = 0.29, waveguide length L= 0.303 cm, and the fringe contrast K = 0.44
into Equation (3.16); the linear loss coefficient of the waveguide can be calculated to
be 0.74 cm~1, which is equivalent to 3.21 dB/cm.
Discussion

The main factor affecting the accuracy of this measurement is the evaluation of
the reflectivity of the waveguide facets. In the experiment, the reflectivity was taken
from the Fresnel equation (3.17), which gives a upper limit and is a good
approximation of perfect waveguide facets. Any defect on the facets, such as
contamination, damage, or imperfect perpendicularity between the waveguide facets
and the ridge line will all inevitably lower its reflectivity. Therefore, equation (3.16)
always yields an attenuation coefficient that is higher than the real value when the
imperfections are taken into account. The main advantages of the Fabry-Perot method
is its immunity to the drift of input intensity. Whatever the cause of the change of
input intensity, the value of the contrast K of the fringe will not be affected, and thus
does not affect the accuracy of the measurement.
3.5.2. Measurement of two-photon absorption
Principle of measurement

The two-photon absorption coefficient can be obtained from transmission
measurements at various incident intensities [24]. As described in Equation (3.2), if
only up to two-photon absorption is conmsidered, the attenuation of the light

propagating through the waveguides can be expressed as

dl

— = -pl (3.19)

The evaluation of this equation yields the transmission

I A (1_ R)Z ,ne——al’. i
™ 1By (- Ryl (1~ e ) /™ (.20}

where 17 is the coupling efficiency into the waveguide, R is the Fresnel reflectivity of

the facets and L is the waveguide length.



Chapter 3. Pulse propagation in passive AlGaAs waveguides

Rewriting Equation (3.19) as the inverse of the transmission factor T =1,/ I,.

gives
T—l o Iinc s 1 + ﬁ2(1 e R)nI'_M(l_ e—al.) / o
Ilmns (1 - r)2 ne—aL
= 1 + ,32(1—3'“1-) L
(1 — R)2 T]e"aL (1- R)ae—ar. inc 321)

)
s g dan = Lp
T, Q~Ryoe™™

where T, is the linear transmission factor. From this equation, it can bé seen that the

inverse transmission factor T™" is the linear function of incident intensity. Thus, the

plot of T™" vs. I, should be a straight line with a slope directly proportional to the

me

two-photon absorption coefficient 3,. The two uncertain factors in the measurement
are the coupling efficiency and the linear absorption coefficient. However, the
coupling efficiency is extracted from the Equation (3.21), and the linear absorption
coefficient can be obtained by Fabry-Perot method described previously.

If the experimentally obtained slope of T~ vs. I, is S;, from Equation (3.20), it

follows that

B;(1—e*)

S, = W (3.22)
Therefore, the two-photon absorption coefficient is
1—- R)oe™™

B, = %Sx (3.23)

In the evaluation of two-photon absorption, some other expressions can be
encountered in the literature. Following the discussion by Agrawal [11], the pulse
duration T, defined as the half-width at the 1/e intensity points, is related to the pulse

duration T, designated as the pulse-width at half intensity points, as

Gaussian pulse 7, =1.665T, (3.24)
Sech? pulse 7, =1.763T, (3.25)

Therefore, the peak power can be expressed as
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| ot By By

For Gaussian Pulses: £ 9T Ofp 1.0651',, fp (3.26)
&

For Sech? pulses: P, =— Ci T "V (3.27)

PTOT,  2Tf, 1134tf,

ve, 18 the average

where E represents the pulse energy and is given by E=P,, /f,, P,

power in the waveguide, f, is the repetition rate of the laser pulses. The peak intensity

in the waveguide may be expressed as

= PP = P ave_
p ;

where A, is the effective mode area of the waveguide.

In most cases, the experimentally measured slope represents the inverse of

transmission against average incident power. If expressed as S,, then by using

Equation 3.23 the two-photon absorption coefficient can be expressed as

_ L1347, f A, (1-R)ae™ g
A 1-e f (3:29)

assuming a Sech? pulse profile.

From Equation (3.20), it can be seen that the intercept of the fitted line with the y-
axis should be the inverse of the linear attenuation (1/ T,). This feature can be used as
a cross-reference for the reliability of the two-photon absorption measurement. If the
intersection point is far from the inverse of the experimentally measured linear loss, it
might imply that some experimental errors are present. Alternatively, it could signify
that other nonlinear effects (such as three-photon absorption) may exist.

For the evaluation of the two-photon-absorption, the laser pulse profile should be
considered. The linear relationship between the inverse of transmission and the
incident power is only valid for a square pulse shape in both temporal and spatial
domains. Therefore, the raw data obtained for the Gaussian (or Sech2) pulse profile
should be referenced to the square pulse shape [25], so that a linear relationship

between the inverse of the transmission and the incident power can be assumed.

&9
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Two-photon absorption measurement of AIGaAs waveguides

The experimental set-up is shown in Fig. (3.5). Picosecond and femtosecond laser
pulses could be readily obtained from the synchronously or coupled-cavity mode
focked KCI:T1 colour-centre laser, as discussed in Chapter 2. The output of the laser
was polarised in the horizontal direction. The wavelength of the output pulses was
centred around 1516 nm. Similar to the case of linear loss measurement, an optical
isolator was included within the laser beam to prevent the feedback from the
waveguide facets. An attenuator wheel was employed to vary the power level coupled
into the waveguide. To make the variation of the power smooth, the attenuator wheel
was driven by a small electric motor. A mirror with 90% reflectivity was used to split
the laser beam intensity into two parts, where one part went to the waveguide and the
other was directed to a photo diode (named photo diode 1). The coupling of the laser
beam into and out of the waveguide was accomplished by two X20 objectives, and an
infrared CCD camera was frequently used to monitor the profile of the beam out of the
waveguide during the original stage of the coupling procedure. The laser signal
transmitted through the waveguide was detected by photo diode 2. To record the
variation of the transmission as a function of input power, a chart recorder was used.
The output electronic signal from the photo diode 1 was fed to the X axis of the chart
recorder, and the output electronic signal from photo diode (2) was connected to the Y
axis of the chart recorder; so that a plot illustrating the relationship of transmitted
power and incident power could be recorded.

The incident and transmitted power level corresponding to different position of
the plotted chart was calibrated prior to the experimental measurement. This was done
by measuring the power and marking the corresponding position of the X and Y axes
of the coordinate. The procedure was conducted as follows: Firstly, with the laser
beam blocked, the zero position was marked on the plotting paper of the chart
recorder. Secondly, with the Y axis unconnected or the laser beam out of the

waveguide blocked, the X axis of the coordinate was marked. Thirdly, with the X axis
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unconnected or the beam leaking out of the reflection mirror blocked, the Y axis of the
coordinate was marked. One important thing is that the photo diode should respond
linearly to the incident optical power. This was achieved by choosing the appropriate
photo diodes and setting up a suitable voltage bias on the photo diodes.

During the experiment, both picosecond and femtosecond pulses were employed.
The femtosecond pulses could be achieved by coupled-cavity mode-locking of the
KCI:TI colour-centre laser with a piece of optical fibre, while a picosecond output
could be obtained directly from the colour-centre laser alone with the external cavity
blocked. First of all, prior to the experiment, the two photo diodes were calibrated with
a CW output or with much broader pulses, ensuring that a linear response for the two

photo diodes at the power levels involved.

30 ps, 100 fs
A=1516 nme—um

%
e ————
R

Isolator

Motor drived
attenuator wheel P

X 20 Waveguide X 20 Photodiode 2

Figure 3. 5. Experimental set-up for the measurement of two photon absorption.

The experimental result is shown in Fig. (3.6), where the Y axis of the coordinate
represents the transmitted average power and the X axis is the incident average power.
It can be seen that for the 30 ps pulses the transmitted power is a linear function of
incident power within the incident power range of 60 mw available in the experiment.
This means that essentially no two-photon absorption occurred for the 30 ps pulse. For

the 100 fs pulses, however, the distinctive curve indicates that a strong two-photon

absorption occurred.
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From the linear relationship of the transmitted and incident power for the 30 ps
pulses, the effective total linear transmission of the waveguide could be estimated.
This was about 22%, given simply by the gradient of the straight line. This linear

transmission is expressed as

T— = < 2 _-aL
Lin. 77(1 R) e (3.30)

As mentioned earlier, 7 is the total coupling efficiency of waveguide, R is the facet
reflectivity, « is the linear loss of the waveguide, and L is the waveguide length. By

taking the measured value of the linear loss a= 0.74 cm-1, and facet reflectivity

R=0.29 into this equation, then the coupling efficiency 77 can be deduced. This gave a

value of about 55% in the experimental work prepared.

Average power out of the waveguide: (mW)

0 10 20 30 40 50 60
Average power coupling to the waveguide: (mW)

Figure 3.6. Experimental result showing the variation of the average power out of the

waveguide as a function of the input power for the 30 ps and 100 fs laser pulses.

For the 100 fs pulses, the inverse of the transmission 1/T (Ptran./Pin) as a function
of incident power (Pjp) is shown in Figure 3.7. The lower dotted curve is obtained

from the raw data, while the upper dotted curve is corrected to square pulse profile
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assuming that the original pulse was Gaussian shaped in both space and time. It can be
seen that, instead of being a linear function, the inverse of the transmission as a
function of the incident power was a curve with positive curvature. This feature of the
curve was most likely to have resulted from the presence of three-photon-absorption.
As discussed earlier, if only the linear loss and two-photon absorption are considered,
a straight line should be simply assumed for the function of transmission inversion
versus the incident power. However, as three-photon-absorption is involved, this linear
relationship no longer holds and a curve with positive curveture would be obtained,
because of the reduction in the transmission at increased incident power levels.

To limit the influence of three-photon effect in the evaluation of the two-photon-
absorption coefficient, linear fitting of the experimentally obtained data was performed
within the range of incident power level lower than 30 mW. As the formula in the inset
of Figure 3.7 shows, for the corrected data the slope of the linear fitted line was 0.088.
The intercept point of this fitted line with the y-axis was 4.034. As discussed earlier,
the inverse of this intercept point should give the linear transmission, which was 25%

in this case, slightly larger than the measured value of 22%.

16
» 1 y=0.088x + 4.034
o :
Q:cﬂ 12 4_"*
] ) .
8 104 ot
2
:
a2 T R PRSI R B | LR IR

Average input power: Py, (mW)

Figure 3.7 . Variation of the inverse transmission as a function of incident power
level. The lower one is the raw experimental result, the upper one

corresponds to the case after being corrected to square pulse shape [25].
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Table 3.1. Parameters used in the evaluation of two-photon-absorption coefficient.

7, (fS) fo Hz) [ A (cm2) R L (cm) | o (cml) |S, mW-1)

100 84x 106 | 6x108 0.29 0.303 0.74 0.088

For the calculation of the two-photon absorption coefficient, the parameters
involved are summarised in Table 3.1. The effective mode area was taken as 6 pm?,
which was chosen as the geometric area of the ridge width (4 um) times the height of
the guiding layer (1.5 |tm). By taking the data of Table 3.1 into Eq. (3.29), the two-

photon-absorption coefficient is calculated to be

B,=0.1 cm/GW

Any error mainly originated from the uncertainty in the assumption of the pulse profile
and the presence of three-photon-absorption.
Discussion

There were a few factors that affected the accuracy of the measurement.
Experimentally, a laser producing femtosecond pulses is not an ideal choice, because
the pulse shape factor makes the inverse transmission against the input power vary
from the assumed straight line as predicted theoretically for the square pulses in the
previous section. A better choice would be pulses with few tens picosecond in
duration. However, in the experiments here the relatively low laser output power
restricted the observation of two-photon observation in the picosecond regime, and so
the femtosecond pulses were employed. The smooth rotation of the attenuator wheel
and linear response of the photo diodes all could affect the accuracy of the
measurement. Theoretically, the involvement of three-photon-absorption should be
considered in the evaluation of absorption parameters. However, this would need a
more complex modelling procedure to be applied.
3.5.3. Measurement of the nonlinear refractive index

The nonlinear refractive index of semiconductors can be obtained in varieties of

techniques by measuring the nonlinear refractive index related effects [25], such as the
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nonlinear phase shift experienced by the optical pulses [18, 26, 27]. It has been shown
that the most reliable and straightforward method to determine the nonlinear refractive
index is to measure the phase shift of light pulses after passing through the waveguide.

As presented in Chapter 1, the nonlinear phase shift A¢ is related to the peak intensity

I, through the nonlinear refractive index 7, by the relationship:

A =(27Ly; / A)n,1, (31)
where L, is the effective length of the waveguide and A is the wavelength in
vacuum. If the phase shift and optical intensity are known, then the nonlinear
refractive index can be determined.

The experimental set-up for the measurement of the passive AlGaAs waveguide
was similar to Figure 3.5; except that the transmitted signal was split into two parts, in
which one part was fed to a second-harmonic autocorrelator and the another
approached to a monochrometer.

The experimental result is shown in Figure 3.8, where the spectral and temporal
characteristics of the transmitted pulses are depicted. The left column shows the input
spectrum (a), and the transmitted spectra (b) - (d) at different intra-waveguide power
level; the middle and right columns correspond to the interferometric and intensity
autocorrelation respectively for the input pulses (a), and transmitted pulses (b) - (d). It
can be seen that both the spectral width and the pulse duration were clearly broadened,
and the higher the power, the larger the amount of broadening would be. It is believed
that the spectral broadening resulted from the self-phase-modulation of the pulses in
the waveguide, while the temporal broadening was predominantly caused by the
positive GVD of the waveguide at this wavelength. (GVD measurement of the
waveguide will be discussed in Chapter 6).

The nonlinear phase shift A¢ corresponding to Figure 3.8 (b), (c), (d) are
approximately about 7, 1.5z, and 2.57 respectively [28]. Asymmetry of the spectra
resulted mainly from the asymmetries of the input pulse shape. The effective length of

the waveguide was calculated to be 2.71 mm by using the measured linear attenuation
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Figure 3.8. Spectra and autocorrelation traces of the input (a) and the transmitted pulses (b) - (d) at

different power level.s

coefficient o.. By taking the waveguide facet transmission of 0.71, then the average
power within the waveguide corresponding to the cases in Figure 3.8 (b), (¢), (d) were
3 mW, 7.6 mW, and 10.7 respectively. Therefore, the nonlinear refractive index for the
three cases are estimated to be (b) 0.95 x 10-13 cm2/W, (c) 0.6 x 10-13 cm2/W, and (d)
0.85 x 10-13 cm2/W. For this evaluation, the pulse duration was taken as the averaged
value of the input and transmitted pulse duration, so as to take account of the pulse
broadening factor involved. By averaging the three calculated values, a nonlinear

refractive index of ny = 0.8 (£ 0.1) x 10-13 cm2/W has been estimated. This result is in
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a reasonable agreement with the result of ny = 5.8 x 10-14 cm?/W presented in
Reference [4].

There were a few factors that affected the accuracy of the measurement. First of
all, the peak intensity varied along the waveguide, owing to the pulse broadening
effect. Secondly, the effective mode area used in the evaluation was an estimation and
it might differ from the real value. Thirdly, the two-photon-absorption would reduce
the peak power and thus to some extent would affect the accuracy of the measurement.
However, this method clearly provides a quantitative knowledge of the nonlinear
refractive index, and it represents a good approach for the estimation of the nonlinear
refractive index in a waveguide geometry.

By taking the experimentally measured values of B2 and nj into Eq. (3.9), the
figure of merit of the waveguide at 1.515 jum was estimated to be 0.397. This satisfies
the criterion of T < 1 for all-optical switching [10].

3.6. Summary

In this chapter, the nonlinear pulse propagation in passive AlGaAs waveguide has
been described. Some background aspects of linear attenuation and multiphoton
absorption have been presented. The measurement of the linear attenuation and two-
photon-absorption coefficients of a 3.03 mm long AlGaAs waveguide were conducted
and it was deduced that an AlGaAs waveguide has a linear loss coefficient of about
0.74 cm-1, and a two-photon-absorption coefficient of 0.1 cm/GW. A single-pass
evaluation for the propagation of 95 fs pulses in the waveguide revealed that both the
spectrum and duration of the pulse were distinctively broadened. It has been concluded
that the spectral broadening resulted from the self-phase-modulation effect in the
waveguide, while the temporal broadening was mainly due to the group-velocity-
dispersion in the waveguide. Evaluation of the experimental results implied that the

nonlinear refractive index of the waveguide, ny was 0.8 x 10 -13 cm2/W and this result

agrees closely with theoretical predictions.
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Chapter 4

Coupled-cavity mode locking of KCI: Tl colour-centre
laser with passive AlGaAs waveguides

4.1. Introduction

In Chapter 2, coupled-cavity mode-locking of KCL:TI colour centre laser with a
length of optical fibre has been discussed, where 63 fs pulses were generated. It has
been shown that along with the optical fibres a number of nonlinear elements, such as
semiconductor amplifiers [1, 2], quantum well structures [3, 4], also can be employed
as the nonlinear element for the implementation of CCM lasers. One common feature of
these elements is the high optical nonlinearity exhibited at the laser wavelengths [5, 6].
In Chapter 3, the propagation characteristics of ultrashort light pulses in passive AlGaAs
semiconductor waveguides have been described. It was observed that the third-order
nonlinearity is two-orders of magnitude higher than in silica fibres, and phase shifts in
excess of 21 have been obtained with ridged waveguides as short as 3.03 mm long.
This attainment offers the possibility for the exploitation of the waveguide as the
nonlinear element for the coupled-cavity mode locked KCI:Tl colour-centre lasers.
Accordingly, in this chapter, the implementation of coupled-cavity mode locking with
the passive AlGaAs waveguides as the nonlinear element will be discussed. The
principal advantage, as will be seen, in using the semiconductor waveguides over silica
based optical fibres is their low power requirement and this affords considerable
potential for miniaturisation.

The waveguides used in the experiment described here were similar to those studied
in the research outlined in Chapter 3, except that a different guiding geometry was

exploited. In the first instance, Brewster-angled waveguides with a straight guiding
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geometry was used, as shown in the inset of Figure 4.1. The guiding ridges were
cleaved in such a way that allows the incident light to be coupled into the waveguide at
Breswter's angle, so that the facet reflectivity could be minimised and accordingly the
transmission was maximised.

In the second case, a curved guiding geometry was used. The guiding ridges were
curved in such a way that at the input facet the laser beam was incident at an appropriate
angle to the normal of the front facet for good optical coupling, while at the output facet
it is perpendicular to the facet surface. Ideally, a waveguide having its ridge line at the
Breswter's angle incident would be the best choice, because then the facet reflectivity
would be minimised. However, the original waveguide that was processed was
fabricated with the radius of the curve being fixed at 20 mm, and because the waveguide
crystal can only be cleaved in some particular orientation, instead of Brewster-angle, for
different length of waveguides used in the following experiment a series facet-ridge
angles were assessed. A schematic diagram of the waveguide guiding geometry is
illustrated in the inset of Fig. 4.4. For this guiding geometry, instead of using an
additional mirror and a micro-objective for the feed-back of the transmitted light as in the
case with the straight waveguide; the back facet itself acts as a moderate reflectivity
mirror, which gives an intensity reflectivity of about 0.29. A third option is that a curved
guiding geometry was retained, but the back facet of the waveguide is gold-coated so
that its reflectivity could be increased.

In the experimental work described here, each waveguide geometry was employed
for the CCM KCI: Tl laser. Most of the research presented was concerned with the
curved waveguide, due mainly to its higher coupling efficiency and the more effective
coupling procedures involved.

4.2 Coupled-cavity mode locking with straight waveguides
4.2.1 Experimental set-up
The experimental set-up is illustrated in Figure 4.1. The coupled-cavity mode

locking scheme was arranged in a conventional Fabry-Perot resonator configuration [7,
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8], where the KCI:Tl colour-centre laser was synchronously pumped by a CW mode-
locked Nd:YAG laser (series 3000) which has a repetition frequency of 82 MHz. With
the external control cavity blocked pulses of tens of picosecond could be generated, and
typical output power ranging from a few milliwatts to as high as 200 mW could be
produced. The two cavities of the CCM scheme share the common mirror M1 (R =
78%), and the output was derived from a 50/50 beamsplitter (BS) inserted in the control
cavity. The substrate of the waveguide was 4.15 mm long and 5.53 mm wide (see the
inset of Fig. 4.1). This relatively large dimension of the substrate when presented at
Brewster's angle prevented the use of lenses having working distances shorter than 2
mm, and therefore a X 10 microscope objective lens (OBJ) was used to couple the input
beam, and a diode collimating lens (DCL) (NA = 0.276) was used to collect the output.
(It was expected that by using x20 objectives the coupling efficiency would be
improved). The transmitted signal from the waveguide was then retroreflected by mirror
M2, which was mounted on a piezoelectric transducer (PZT) driven by a length

stabilisation system, back to the main cavity .
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Figure 4.1. Experimental set-up of the CCM KCI:Tl colour-centre laser with a straight waveguide.

Similar to most of the coupled-cavity mode locking schemes, stabilisation of the

cavity length was required [9]. This was implemented by an electronic feedback loop
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system to control the position of mirror My, on which a piezo-electric translator was
attached. This provided cavity tuning to within a fraction of wavelength. Owing to the
insufficient feedback from the waveguide, large modulation of the output power was not
possible. Therefore, for long term stability of the CCM process, instead of being
derived directly from a photo-diode by detecting the average output power as in the case
with optical fibres, the error signal was obtained from a second harmonic generator. In
this way, although there might be some loss in the conversion from fundamental signal
to the second harmonic, however, the modulation feature of the output was encouraged.
4.2.2. Experimental results

Measurements indicated that the throughput of the waveguide was typically about
15% of the incident power measured before the coupling objective. The effective total
reflection from the waveguide was estimated to be only about 2%. Compared with an
equivalent reflectivity of about 50% when optical fibres were used [10], this is clearly
much poorer. For stable CCM operation, it is required that the intensity ratio between
the signal returned from the control cavity and that being circulated in the main cavity
has to reach a threshold level [11]. To increase the intensity ratio, the reflectivity of
either mirror M or the beamsplitter BS requires to be reduced, although both
approaches do sacrifice some useful output power.

The procedure to achieve the CCM mode locking operation was conducted as
follows. With the colour-centre laser being properly adjusted for synchronous pumping,
the control cavity length was made roughly equal to that of the main cavity. The
matching point of the two cavities for CCM operation could be found by varying the
external cavity length gradually, while at the same time monitoring the second harmonic
autocorrelator signal on an oscilloscope. The onset of the CCM operation appears as a
dramatic enhancement of the second harmonic signal, resulting from the significant
shortening in the output pulse duration and corresponding increase in pulse peak power.
At this stage, without the stabilisation system, the output signal randomly jumped

between the CCM and synchronous mode locking operation, due to random fluctuations
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in the cavity lengths. When the servoloop system was applied (by altering the voltage

applied to the PZT) a long-term stable CCM operation could be obtained.
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Figure 4.2. Intensity autocorrelation trace (a), and spectrum (b) of the output CCM pulses.

By using such an arrangement, pulses with durations of 230 fs were produced, as
shown in Fig. 4.2, and the speciral widths were measured to be about 13.2 nm.
Assuming a sech? pulse shape, a bandwidth-duration product of 0.39 was derived,
which is slightly larger than that of the transform limited pulses (0.32). The pulses
returned from the waveguide, illustrated in Figure 4.3, were measured to be appreciably
broadened, both spectrally (30%) and temporally (120%). Given that the noﬁlinear
attenuation was measured as low as 5%, this indicated that the temporal broadening was

caused primarily by group-velocity dispersion.
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Figure 4.3. Intensity autocorrelation (a) and spectrum (b) of pulses returned from the waveguide.

The insufficient feedback from the waveguide restricted the versatility of the CCM
laser, and made the spectral tuning and further shortening of the laser pulses
impracticable. To eliminate such a drawback, waveguides with a different guiding
geometry - curved waveguide, was employed, such that the coupling elements would be
reduced and the coupling procedure was simplified. Consequently, the feedback from
the waveguide would be increased, as discussed in the next section.

4.3 Coupled-cavity mode locking with curved waveguides
4.3.1 Experimental set-up

The schematic of the experimental set-up is shown in Fig. 4.4. As previously, the

KCI:Tl colour-centre laser was synchronously pumped by a CW mode-locked Nd:YAG

laser (series 3000). However, instead of being assembled as a Fabry-Perot resonator,
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the CCM scheme was configured in a Michelson arrangement [7, 12], so that a relatively
compact cavity could be configured. The linear and nonlinear branches of the Michelson
cavity shared a common mirror Mgy (R=93%), which also acted as the output coupler.
Coupling of the laser beam into the waveguide was accomplished by a x20 objective.
As mentioned already, instead of using an objective to collect the transmitted signal and
a mirror to reflect it back to the main cavity, the back facet of the waveguide itself acted

as the end mirror of the control cavity.

1.06 um

CW mode locked Nd:YAG laser

AlGaAS
WAVEGUIDES Ry

Linear branch

I e
M Nonlinear branch SUTELT
1 @ ™3

QMZ 20X PZT

Vg

Figure 4.4. Schematic of the experimental set-up with a curved waveguide in a Michelson

cavity configuration.

The stabilisation of the cavity was accomplished by a servo-loop system with a
mirror M3 mounted on a PZT stage. The error signal could be derived either from the
signal transmitted through the waveguide or from the second harmonic signal of the
output pulses. It was observed that if the error signal was derived from the second
harmonic of the output signal, the CCM process was more stable, mainly due to the
relatively stronger modulation of the second harmonic signal [13]. Therefore, the latter

option was selected for our cavity stability scheme, and all the results included here were

obtained using this arrangement.
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In the experiments, various lengths of waveguides have been used, and the
associated results are discussed.
4.3.2 Typical laser output characteristics with the curved-waveguide as
nonlinear element

First of all, a 3.49 mm long waveguide was used as the nonlinear element. It was
found that the output pulses of the CCM KCIL:T1I laser were generally frequency-chirped,
and the shortest pulse duration was 240 fs. Both the pulse duration and the frequency
chirp were dependent on the power level coupled into the waveguide. It was observed
that when the power coupled to the waveguide was high the pulse duration would
become broader and the frequency chirp became stronger.

Fig. 4.5 shows a typical autocorrelation and spectrum of output pulses having a
duration of 300 fs. This set of results was obtained at an output power of about 34 mW.

From the elevated wings of the interferometric autocorrelation, it can be seen that the
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Figure 4.5. Typical autocorrelation and spectrum of output pulses with a 3.49 mm long

waveguide.
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output pulses were frequency chirped. The calculated bandwidth-duration product of
0.63 is significantly greater than 0.32 for the transform -limited pulses (sech? pulses).
The autocorrelation and spectrum of the transmitted pulses corresponding to Fig.
4.5 is illustrated in Fig. 4.6. The temporal duration and spectral width of the transmitted
pulses were much greater than that of the output pulses. The bandwidth-duration
product of 3.8 suggests that a very strong frequency chirp existed over the pulse
evenlope. It is believed the spectral broadening was predominantly resulted from self-
phase-modulation (SPM) in the waveguide, as discussed in Chapter 3. The temporal
broadening of the transmitted pulses infers that the waveguide had a positive GVD
around the wavelength of 1.5 um, and this was verified by the GVD measurements

described in Chapter 6, where a value of D=-1100 ps/nm/km has been deduced [14].
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Figure 4.6. Autocorrelation and spectrum of the pulses transmitted from the waveguide

(Corresponding to the output in Fig. 4.5).

One interesting feature was that the coupled-cavity mode-locking process could be

maintained over a range of phase bias, defined as the phase difference between the
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pulses returned from the control cavity and those being circulated in the main cavity. The
output pulse duration could be varied continuously from around 250 fs to as large as
700 fs when the phase bias was varied. At the two ends of the tuning range of the phase
bias the pulse duration was minimum and maximum respectively. To the experiment
here, all the results obtained were taken with the minimum pulse duration. A further
study of this characteristic will be presented in the next chapter.

4.3.3 Power dependence

Both the spectral broadening and frequency chirp of the returned pulses is directly
related to the power coupled into the waveguide, The higher the power is, the larger the
spectral broadening will be, and the frequency chirp is noticeably more pronounced. The
consequence would be that the output pulse duration, spectral width and bandwidth
duration product are all functions of the power level in the waveguide. The power
dependence of the output characteristics was therefore studied as follows.

Firstly, by maintaining a constant coupling efficiency of the light beam to the
waveguide (i. e. the power ratio between the signal returned from the external cavity and
that being circulated in the main cavity kept constant), the output power (and the power
coupled into the waveguide) was changed by varying the pumping power level. (In
reality, the ratio is intensity-dependent due to the two-photon absorption in the
waveguides. At higher power level, the two-photon absorption, TPA, effect will reduce
the intensity ratio because of the stronger TPA effect). Fig.4.7 shows the variations of
pulse duration, spectral width and bandwidth-duration product of the output pulses as
functions of output power levels. It can be seen that when the output power was
increased the output pulse duration, spectral width, and the chirp of the pulses were all
enlarged.

In the experiment here, the total effective reflectivity from the waveguide was
measured to be around 5%. It is more than two times higher than that with the straight

waveguide (where total effective reflectivity was measured to be about 2%), although

the intensity reflectivity of the back facet is only about 29%.
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Figure 4.7. Pulse duration and spectral width of output pulse as a function of output power level.

The shortest pulses generated were about 240 fs and were obtained at an output
power level of 15 mW. Below this power level, output pulse durations seemed to
broaden again. This was perhaps due to insufficient SPM-induced spectral broadening
of the returned pulses. However, even at the lowest power level in these experiments,
the bandwidth-duration product of 0.42 was still higher than the 0.32 expected for
transform-limited pulses (Sech? profiles), mainly due to the positive GVD of the
waveguide. As the power increased to 34 mW, pulse duration reached to 285 fs and the
spectral width increased to 16.8 nm.

The dependence of the above output characteristics on the pumping power may be
explained on the following bases. At higher (lower) power level the SPM induced
spectral broadening is relatively larger (smaller), therefore, under the same phase bias,
more (less) spectral components of the returned pulses will be transferred to the main
cavity pulses. (We mention phase bias here, because it represents a very important factor
for the CCM mode locking process, as will be discussed in Chapter 5). Thus the
spectrum of output pulses would be relatively broader. Due to the combined effect of the
positive GVD and SPM induced spectral broadening, at higher power levels, the
returned pulses would be comparatively broader and more heavily chirped than at lower
power levels. As a result of this, much broader and more heavily chirped output pulses

tended to be obtained at relatively higher power level.
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In the second case, the pumping power (or output power) was kept constant while
the power coupled into the waveguides was varied by using an attenuator wheel in front
of the waveguide. It was found that, to establish coupled-cavity mode locking process,
the power returned to the main cavity (or coupled into the waveguide) had to be above a
specific threshold power level. In practice, because it was difficult to measure the power
of returned signal, we chose to measure the power transmitted through the waveguide.
[This is reasonably meaningful, because the power returned from the waveguide is
directly proportional to the transmitted power.] Fig.4.8(a) shows the diagram of the
variation of threshold power (transmitted from the waveguides), (b) is the power ratio
between the signal returned to and circulated in the main cavity, at different output
power levels. It indicates that as the output ( or main cavity ) power increased the
threshold power increased as well. It implies that the threshold power level is not only
related to the nonlinearity of the waveguide but also to the main cavity power levels.
However, further evaluation indicated that the corresponding power ratio between the
signal returned and that in the main cavity appeared, at the threshold condition, not to

change to any significant extent. A constant value of about 0.5 X 10-5 was implied.
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Figure 4.8. Variation of threshold power level (measured after the waveguide) coupled into the
waveguide (a), and the power ratio between the signal returned to and circulated in the

main cavity (b).

Fig.4.9 shows the variation of pulse duration as a function of the transmitted
power. This set of results was obtained at an output power of about 35 mW. The power

coupled into the waveguide was varied by a neutral-density wheel located in front of the
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waveguide. Contrary to the case when the power ratio was kept constant as shown in
Fig. 4.7, it appeared that the pulse duration firstly became shorter and then started to get
broader again as the power coupled into the waveguide was increased. This seems to
imply that an optimum power ratio existed. When the power coupled into the waveguide
was lower, the SPM induced spectral broadening might be not sufficient; while as the
power coupled into the waveguide was too high, the frequency chirp introduced by the
combination effect of the SPM in and GVD of the waveguide might be too large.
Therefore, both cases would not produce the shortest pulses. However, it was found
that the CCM operation was much more stable at higher intra-waveguide power level
than at lower intra-waveguide power levels, and this is also the reason that the relevant

data about the spectra is not available here.
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Figure 4.9. Variation of output pulse duration as a function of power level transmitted

Jfrom the waveguide.

4.3.4 Frequency chirp compensation
4.3.4.1 Extra-cavity chirp compensation

As already mentioned, the waveguide introduces a positive frequency chirp on the
returned pulses, due to the SPM effect in, and the positive GVD of, the waveguide.
Thus, when such a positively chirped pulse is added to the main cavity pulse, it
inevitably transfers the chirp features to the main cavity pulse through the interference-
superposition of the two pulses. If a negative frequency chirp, that introduced by the

KCI:TI crystal and the output windows inside the main cavity, are relatively small, then
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a net positive frequency chirp on the output pulses can be assumed. Therefore, if by
passing the output pulses through an appropriate length of dispersion medium having a
negative GVD at the laser wavelength (eg. silica based materials or a pair of prisms) then
the chirp could be reduced.

To confirm the positive nature of the frequency chirp, the output pulses were passed
through different lengths of glass rods (Heraeus: Suprasil I) which have an anomalous
dispersion D = 13.8 ps/nm/km at wavelengths around 1.5 pm [15]. As expected,
measured after the glass rod, the chirp of the pulses was indeed reduced and the pulse
duration was also decreased. For output pulses having durations ~ 280 fs and a
bandwidth-duration product of 0.61 the durations was reduced to about 230 fs, after
passing through a 30 cm long glass rod.

There are practical limitations with chirp compensation outside the laser cavity.
Firstly, for different degrees of chirp, the lengths of glass rod have to be optimised. For
broader pulses, the compensation might require very long glass rods, so that makes the
compensation impractical. Secondly, the introduction of the glass rod in the laser beam
may also degrade the beam characteristics, such as polarisation and the spatial
symmetry.
4.3.4.2 Chirp compensation in the nonlinear branch

Knowing that the chirp of the pulse is resulted from the SPM in and the positive
GVD of the waveguide, an alternative approach involves locating the dispersion-
compensation element in the nonlinear branch of laser cavity to directly compensate for
the chirp of the returned pulses.

This was implemented in practice by inserting a length of glass rod in the nonlinear
branch. Glass rods with different lengths have been employed. It was found that the
best result was obtained when the 30 cm long silica rod (the longest one available) was
used. The shortest pulses obtained were about 220 fs (see the autocorrelation and
spectrum shown in Fig.4.10). It can be seen that the excess chirp was essentially

removed, and the bandwidth-duration product of 0.35 was only slightly larger than
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0.32, of transform-limited pulses. One additional point should be mentioned here.

Because of the difference in the coupling efficiency each time a glass rod was changed, a

valid relationship between the output pulse duration and the length of glass rod could not
be obtained.
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Figure 4.10. Autocorrelation and spectrum of 220 fs pulses obtained when 30 cm long silica

rod was incorporated in the nonlinear branch.

4.3.4.3 Chirp compensation in main laser cavity

For chirp compensation in the main laser cavity, a pair of prisms [16, 17] represents
the best choice. Therefore, as in the case of a Ti:sapphire laser [18], an attempt was
made to include a pair of silica prisms in the main cavity to compensate for the positive
chirp imposed on the main cavity pulses. It was found that, instead of shortening, the
output pulses were broadened substantially. Reduction of the prism separation, (ie
decrease of negative GVD of prism pair), resulted in somewhat shorter pulses. This

might imply that the amount of negative chirp introduced by prism pair was too high

(Both material and prism separation introduce negative GVD at wavelength of 1.5 um).
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Therefore, a subsequent approach was to insert an appropriate thickness of negative
GVD element, such as silica discs, into the main cavity.

This was fulfilled by inserting a 2 mm thick silica disc at Brewster's angle into the
main laser cavity. It was found that, after the insertion, the pulse duration was
significantly reduced and the chirp was largely compressed. Nearly transform-limited
pulses with duration of around 170 fs could be routinely obtained at an output power
level of less than 35 mW. Fig 4.11 (a) and (b) are typical autocorrelation and spectral
data for the output and transmitted pulses respectively. The clear autocorrelation trace

and spectrum indicate that a stable mode locking process was established.
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Figure 4.11. Typical autocorealtion and spectra of the output pulses (a), and transmitted pulses (b), with

an additional 2 mm thick silica disc in the main laser cavity.

The shortest pulses, depicted in Fig. 4.12, were obtained at an output power level
of about 40 mW. The bandwidth-duration product of 0.44 indicates that the pulses, in
this case, were frequency-chirped. On the basis of the spectral width of 20 nm,
transform-limited pulses having durations of 120 fs could be predicted. The slightly
larger bandwidth-duration product might have resulted from the relatively higher power
level in the waveguide. For 4 mm thick BRF with its optical axis oriented parallel to the

laser beam in the main laser cavity, a similar result has been obtained. It was expected
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that with the slightly thicker glass disc, further shortening of the output pulse would be

possible. Unfortunately, the 2 mm thick disc was the only one available during the

experiment.
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Figure 4.12. Autocorrelation and spectrum of 168 fs pulses obtained when a 2 mm silica disc

was inserted in the main cavity.

Finally, it should be mentioned that, at higher power levels, multiple-pulsing was
frequently observed when the silica disc was in the main laser cavity. This was probably
caused by the etalon effect within the glass disc, owing to the slight disparity of the disc
orientation from the Brewster's angle.
4.3.4.4 Discussion

In the case of chirp-compensation in the nonlinear cavity, the glass rod in fact acted
to balance the positive chirp introduced within the waveguide. Because this chirp can be
very high, longer glass rods are required. Whereas, for the case when the compensation

is implemented in the main laser cavity, the silica disc acts to'compensate for the
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frequency chirp of the main cavity pulse. Because the chirp of the main cavity pulse is
comparatively less, and probably more importantly, the compensation is possibly
achieved over many round trips of main cavity pulse passing through the silica disc,
therefore only a small piece of silica is required.

In practice, the optical components inside the main cavity, such as the gain medium,
windows, etc. all have negative GVD at the wavelength of 1.5 um. This negative GVD
in the main cavity will in turn compensate partly for the positive chirp transferred from
the returned pulses, and thus leads to the reduction of output pulse duration. However,
if this chirp can not be fully compensated, the output pulse will still be chirped and this
was the case when there was no additional silica disc inside the main cavity.

In contrast, with the Ti:sapphire laser [18], the gain medium, windows, etc. in the
main cavity all have positive GVD at operating wavelengths of around 800 nm. The
fibre incorporated in control cavity also has a positive GVD. Therefore, the combined
effect of positive GVD within the main cavity and external cavity will make the chirp
even stronger and pulses even broader after each round trip. The incorporation of a
prism pair in the main cavity thus acted to compensate for the frequency chirp introduced
from both the main cavity and the external cavity. As a result, a relatively larger
dispersion would be required for the compensation of the chirped pulses.

4.3.5 Dependence on waveguide lengths

It is known that the combined effect of positive GVD and SPM in a waveguide will
result in temporal broadening of the returned pulses. Therefore, an alternative way to
reduce the pulse broadening effect was to use shorter waveguides. In the experiment,
several lengths of waveguides have been used. Table 4.1 gives the output pulse duration
for the lengths of waveguide that was available for evaluation. Fig.4.13 shows the
dependence of pulse duration on the waveguide lengths, corresponding to the data in

Table 4.1. It can be seen that the pulse duration decreased as the waveguide length was

reduced.
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Table 4.1 Dependence of output pulse duration on waveguide lengths.

L (mm) 3.49 2.75 2.1T% 2.51 1.22
At (fs) ** > 240 > 190 > 190 >170 > 160
At (is) "™ ~ 168 ~ 160 ~ 160 ~ 160 ~ 150
Note: * Waveguide with the end facet gold-coated.

*% Without chirp compensation in either of the two cavities. The indicated output pulse
duration, which was power dependent, was the shortest observed in each case.

*%% The shortest pulse duration obtained when a 2 mm thick silica disc was included in the
main laser cavity.

2600 0 . S No chirp compensation.
o 240 4 o. —°— 2 mm thick silica disc
i) ) T in main cavity.
a 220
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Figure 4.13. Dependence of output pulse duration on waveguide lengths.

It seems that by further shortening the waveguide length the output pulse duration
would continually decrease. However, in practice the waveguide length can not be very
short. Firstly, if it is too short (say less than 1 mm), the nonlinear spectral broadening
may not be sufficient to establish the CCM process or the threshold power required for
the CCM process will be too high. Secondly, the waveguide will become very difficult
to handle. Therefore, the best approach is to use an appropriate length of waveguide and
incorporate suitable dispersion compensation in the cavity.

With the 1.22 mm long waveguide, the shortest used in these experiments, pulses
as short as 150 fs have been obtained - see the autocorrelation and spectrum shown in
Fig. 4.14. The bandwidth-duration product of 0.34 indicates that the output pulse was
almost transform-limited. The autocorrelation and spectrum of the transmitted pulses

corresponding to Fig. 4.14 are reproduced in Fig. 4.15. It can be seen that after passing

118




Chapter 4. Coupled-cavity mode locking of KCI: Tl colour-centre laser with passive AlGaAs waveguides

through the waveguide, a 150 fs pulse was broadened to about 220 fs, and the spectrum

was broadened from 17 nm to about 47 nm.

Figure 4.14 .
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Intensity (a), interferometric (b) autocorrelation traces and the spectrum (c) of the

shortest pulses obtained for the 1.22 mm long waveguide.
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Figure 4.15. Intensity (a), interferometric (b) autocorrelation traces and the spectrum (c) of the
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To increase the total effective feedback from the waveguide and reduce the
threshold power required for the CCM mode locking process, a waveguide having its
back facet gold-coated has been used. For this assessment, the waveguide was 2.7 mm
long. It was found that by using this waveguide the total effective feedback from the
waveguide was increased to about 15%, which is approximately three times higher than
that of the non-gold-coated alternatives. Successful coupled-cavity mode locking was
achieved at an output power level as low as 4 mW (Nd:YAG pumping power: 580
mW). Supposing that a coupling efficiency of 50% could be obtained, the power within
the waveguide would be no more than 2 mW. This low-power requirement reinforces
our optimism for the possibility of implementing integrated CCM schemes with
semiconductor lasers.

The measured pulse duration with this waveguide was not as short as that with the
1.22 mm long waveguide. This was probably attributable to its longer length, because
this imposes a greater temporal broadening on the returned pulses.

By comparing the emergent pulses in Fig.4.6, Fig.4.12 and Fig.4.15, an insight
into the pulse broadening effects in the waveguide can be obtained. For convenience of
discussion; Fig. 4.6, Fig. 4.12 and Fig. 4.15 are referred to as case 1, case 2, an case 3
respectively. The duration of the transmitted pulses for the three cases were 670 fs, 440
fs and 220 fs respectively, while the bandwidth-duration products were 3.8, 2.64 and
1.36. The pulse duration difference between case 1 and case 2, for the 3.49 mm long
waveguide, was mainly caused by the difference in the initial pulse duration, whereas
the pulse duration difference between case 2 and case 3 predominantly resuited from the
difference in waveguide lengths. Although there were not much difference on the
spectral width at the half-intensity for the three cases, the total spectral spreading with
the 1.22 mm (case 3) waveguide was significantly greater than that of the other two.
This feature indicates that the spectral broadening resulted primarily from the SPM
effect, because a shorter pulse has a higher peak intensity and therefore the SPM

induced spectral broadening is proportionally greater.
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4.4. Involvement of two-photon-absorption and the observation of
second and third harmonic generation

It was found that, when the power coupled into the waveguide was sufficiently
high, red luminescence would radiate from the waveguide. This red light could be
clearly seen to be distributed along the guiding line with greater intensity near the input
facet. It is believed that this red light is related to the transition due two-photon-
absorption (TPA) [19, 20], and/or the second-harmonic generation. Further evidence of
the existence of two-photon-absorption is the variation in the transmitted power level at
different pulse durations but for the same incident average power level (that is, different
incident peak power). As mentioned aiready, and as discussed in the Chapter 5, the
output pulse duration could be changed progressively from about 300 to about 700 fs,
meanwhile the average output power was still kept unchanged, through the variation of
the voltage level applied to the PZT. It was found that along with this alteration in the
output pulse duration, the average power transmitted from the waveguide changed as
well. With longer output pulses (the duration of the pulses incident to the waveguide is
same to that of the output pulses), the transmitted power was higher than that with
shorter output pulses. Because the average output power (or the average power incident
to the waveguide) was not changed, the shorter pulse therefore had a higher peak power
than the longer pulse. As the TPA was involved, the transmitted power from the
waveguide would be lower with shorter pulses than with longer pulses. This is exactly
what we have observed in these experiments.

An experimental result showing the dependence of the average power level on the
pulse duration is presented in Fig. 4.16. It can be seen that as the pulse duration
increased from 324 fs to 740 fs, the transmitted average power went from 3.4 mW to
3.8 mW. Corresponding to the data in Fig. 4.16, the variation of transmitted peak
power as a function of the input peak power is shown in Fig. 4.17. Similar to the
discussion in Chapter 3, the TPA coefficient can be obtained from the linear fitting of the

inverse transmission. For the data obtained here, the TPA coefficient of the waveguide
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was estimated to be about 0.3 cm/GW, which is three times larger than that deduced
from the observations described in Chapter 3. This difference may be attributed to a few
variable parameters in each case; such as the coupling efficiency, the error in the
measurement of the average power, and also the waveguide samples were different in

the two experiments.
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Figure 4.17. Transmitted peak power as a function of the input peak power.

By using a CCD camera to monitor the transmitted signal, two beam images,
appearing as bright spot on the monitoring screen, were observed. These two images
corresponded to different focal lengths of the microscope-objective that was employed to
direct the transmitted signal into the CCD camera. One image was much brighter that the
other. It is believed that the brighter image corresponded to the fundamental

transmission and the dim one represented the signal of second-harmonic generation.
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This can also be predicted by the difference in the focal lengths of the micro-objective in
that the bright image had a longer focal length than the weaker one.

In order to obtain a clear picture about the spectrum of the transmitted signal, we
measured the individual spectral component corresponding to the fundamental
transmission, signals of the second and third harmonic generation respectively. This
was done by using a 2.75 mm curved waveguide. Essentially, pulses having duration of
approximately 200 fs from the CCM KCI:T1 colour-centre laser was passed through the
waveguide. The spectrum of the transmitted signal was measured by using a
monochrometer. Due to the limited spectral response, different photo diodes were used
for the spectral regions involved. For the spectrum around the 1.5 pm region, a Ge
photo diode was employed whereas for the spectra relating to the second and third
harmonic signals, a Si photo diode was used.

Fig. 4.18 gives the experimental results, where (a) represents the spectrum of input
signal, (b) shows the SPM broadened spectrum, and (c), (d) are the spectra of the
second and third harmonic signals respectively. This result was obtained at an incident
power of about 50 mW. The pulse duration was maintained at about 200 fs. It can be
seen that the SPM broadened spectrum is almost five times larger than that of the input
puises. The spectrum of the second harmonic signal was centred at a wavelength of
about 758 nm, exactly at the half wavelength of that of input pulses. The width of this
transition spectrum was close to the half width of the SPM broadened spectrum. The
spectrum of the third harmonic signal was centred at a wavelength of about 505 nm, one
third of the input wavelength. The spectral width of 19 nm was about one third of the
SPM broadened spectrum. From the relevance between the spectral widths of the SPM
broadened spectrum and the spectra of the second and third harmonic signals, it may be

expected that the second and third harmonic generation are directly associated with

components of the SPM broadened spectrum.
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4.5. Summary

In this chapter, the coupled-cavity mode locking of KCL:TI colour-centre laser with
passive AlGaAs waveguides illuminated at the half-band gap has been described. Two
different guiding geometries - straight and curved waveguides - have been used in the
experiments. With the straight waveguide as the nonlinear element, pulses having
duration of 230 fs have been generated. However, it was found that the relatively large
dimension of the waveguide substrate prevented the utilisation of objectives having focal
lengths of less than 2 mm, and this thus limited the coupling efficiency into the
waveguide. The insufficient feedback from the waveguide restricted the practicality of
the CCM laser and made the further shortening of the output pulses difficult. To
overcome this drawback, a curved guiding geometry was evaluated. Instead of using an
objective and an additional mirror to retro-reflect the signal back into the main cavity, the
back facet of the waveguide itself acted as the end mirror of the control cavity. By using
a 3.49 mm long waveguide and employing the nonlinear Michelson cavity
configuration, slightly broader pulses were generated. It was found that such pulses
were generally strongly chirped. When chirp compensation was implemented in the
nonlinear cavity with a 30 cm long glass rod, 220 fs pulses were recorded. Significant
shortening of the output pulses was obtained when a 2 mm thick silica disc was inserted
into the main laser cavity, and 168 fs pulses were generated. By using shorter
waveguide, further shortening of the output pulses was achieved. With a 1.2 mm
waveguide, pulses as short as 150 fs have been produced. By using a waveguide that
was gold-coated on the back facet, successful coupled-cavity mode locking has been
achieved at an output power level as low as 4 mW. This confirms our optimism for the
possibility of making integrated CCM schemes for semiconductor diode lasers.

Compared with optical fibres, the use of AlGaAs waveguides offers some distinct
advantages. Firstly, its high nonlinearity at the half-band gap affords a low power
requirement for the CCM process. Secondly, the small dimension of the waveguides

assured a compact cavity configuration. Thirdly, the output is much more stable than
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with optical fibres because it is less affected by environmental and perturbative effects.
Fourthly, it also provides the advantage of less-exacting coupling procedures required
with the optical fibres, and only one microscope-objective is needed. Fifthly, because
the guiding line is at an angle with the input facet, it avoids the feedback problem
associated with fibres. At the moment, the pulse duration has not yet reached the level
that with optical fibres. However, it is expected that by proper compensation of GVD
both in the linear and nonlinear cavity branches this gcheme will be comparable with

optical fibres in terms of pulse duration.
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Chapter §

Cavity-mismatch characterisations of the CCM
KCI:Tl colour-centre laser

5.1. Introduction

It had been regarded, since the invention of the original version of coupled-cavity
mode-locking scheme - the soliton laser by Mollenauear and Stolen in 1984 - that the
mechanism responsible for the mode locking process was mainly due to the pulse
shortening following solitonic effects in the control-fibres [1]. However, it was
afterwards verified experimentally [2] and predicted theoretically [3] that solitonic fibre
was not the only choice and fibres with normal group-velocity dispersion (GVD), which
instead of supporting bright solitonic pulses gives rise to broadening of the incident
pulses, could also be used in this type of mode-locking scheme. Subsequent theoretical
studies [5] [6] [7] indicated that the key mechaniém for this coupled-cavity mode-
locking (CCM) process is the coherent superposition between the pulses returned from
the control cavity and that being circulated in the main cavity.

The phase difference, or phase bias, between the pulses returned from the external
cavity and that being circulated in the main cavity represents a very important factor for
the CCM dynamics. (Here and in most part of this thesis the phase bias refers to the
phase difference at the centre of the "main" and "control" cavity pulses). The maximum

compression occurs when the phase difference is about -7/2 if the returned pulse is
positively chirped (chirp parameter C > 0), and /2 if it is negatively chirped (chirp
parameter C < 0) [see Ref. 6, where C is donated by 2 but with opposite sign]. To

maintain proper CCM mode locking the relative phase of the two overlapped pulses has
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to be properly adjusted and the two cavity lengths have to be maintained within an
appropriate matching tolerance,

Chee, etc. has reported the cavity-detuning characteristics of a coupled-cavity mode
locked Nd:YLF laser, where elegant experimental results were obtained [8]. In Chapter
4, the CCM, KCL.TI colour-centre laser with passive AlGaAs control waveguide
operating at the half-bang gap has been discussed. In this chapter, the experimental
studies of the temporal and spectral characteristics of this CCM KCL:TI colour-centre
laser when operates at different cavity-detuning conditions wiil be presented. We refer
the cavity-detuning within a fraction of wavelength as the fine cavity-detuning. Within
this tuning range the output pulse duration and spectral profile could be continuously
changed, as will be discussed later. For cavity-detuning beyond one wavelength (or 21
phase bias) different mode-locking regimes occur. We will refer to this as a large scale
cavity-detuning.

This chapter is arranged as follow. Following a brief introduction, the fine fine-
cavity-detuning characteristics are presented, followed by the third part - the large scale
cavity-mismatching experiment. The waveguide used in this experiment was 3.49 mm
long and with a curved guiding geometry. The back facet of the waveguide was set
normal to the guiding ribs and thus gives an intensity reflectivity of about 29% assuming
a refractive index of the waveguide material of 3.33. The normal of the front facet was at
an angle of 10° to the guiding rib.

5.2. Fine cavity-detuning characteristics

As mentioned in Chapter 4, the stabilisation of the CCM, KCL:T] laser was
accomplished by a servo loop-system and a PZT which is attached to mirror M3 (see
Fig. 4.4 in Chapter 4). A variation in the voltage applied to PZT will result in a change
of the control cavity length within a fraction of wavelength. Therefore, the phase
difference between a pulse returned and that being circulated in the main cavity can be
tuned by simply varying the voltage applied to the PZT. In this investigation, this was

accomplished by fine-tuning the voltage bias on our PZT control box. To monitor the
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variation of the applied voltage, the output control signal from the control box for PZT
was simultaneously connected to an oscilloscope. It was observed that the voltage could
be varied within few tens volts while the CCM process was still maintained. It is
estimated that the corresponding change of the external cavity length, or the phase bias,
was less than one wavelength or 27 phase bias. The exact experimental value and sign
of the phase bias was not easily determined.

It was found that proper couple-cavity mode locking could be maintained over a
continuous range of phase bias. Within this tuning range the pulse duration and the
spectral width could be continuously varied from narrower to broader or from broader
to narrower dependent on the applied phase bias. At one extreme of the tuning range the
output pulse duration and spectral width were both a minimum, while at the other limit
of the tuning range they were both a maximum. Outside this tuning range the CCM
mode locking operation was terminated. To simplify the discussion that is included latter
in this section, we will refer to the regime that saw the side with shorter pulses as "side
1" and the regime with longer pulses as "side 2".

Fig. 5.1 shows typical autocorrelation traces of the output pulses when the phase
bias was varied. This set of results was obtained at the output power of about 35 mW,
and the total effective reflection from the waveguide was 5%. It shows that in different
phase bias conditions the pulse characteristics were quite different. The interferometric
autocorrelation and bandwidth-duration products clearly indicate that the chirp of the
output pulses was increasing progressively when the pulse duration was becoming
broader. The broadest pulses obtained at the extreme end of "side 2" in the experiment
has durations in excess of 700 fs and with a bandwidth duration product of around 1.5,
while the shortest pulses at the extreme end of "side 1" has durations of about 250 fs
and with a bandwidth-duration product of around 0.47. These large differences
explicitly indicate the importance of the phase bias for the CCM process. At "side 1" of
the tuning range, less noise appeared on the output than at "side 2", but at "side 2" the

CCM process was more stable than at "side 1". (At "side 1, the mode locking process
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was more sensitive to the influence of the environment and could cease due to
significant outside disturbance. While at "side 2" the mode locking process was less

affected by local perturbation.).

-1 (@)

| (®b)

Figure 5.1. Autocorrelation traces of output pulses at three phase bias levels.
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The corresponding spectra of Fig. 5.1 Are shown in Fig. 5.2. These clearly
indicate that for different phase bias levels the spectral widths are also quite distinct.
Shorter pulses correspond to narrower spectrum while longer pulses had broader

spectra. A noticeable feature is that the peak intensity for a broader spectrum (longer

(a)

(b)
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Figure 5.2. Spectra corresponding to the autocorrelations in Fig.5.1.
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pulse duration) is relatively less than that for narrower spectrum. This indicates that,
when the phase bias was varied towards "side 2", the power was shifted from the
central part of the spectrum towards side bands. Another feature is that the spectral
profile at all the phase bias levels shown here were all symmetric. This is because the
two cavity lengths were approximately matched in large scale, as will be discussed in
section 5.3 for large scale cavity-mismatch.

As a comparison, the spectra transmitted from the waveguide at the two extremes of
the tuning range were also measured. Fig. 5.3 shows the autocorrelation and spectrum
of the shortest pulses obtained at the extreme end of "side 1" and the corresponding
spectrum of these transmitted pulses. It can be seen that due to self-phase-modulation in
the waveguide the transmitted spectrum was significantly broadened from 13.6 nm of
the incident pulses to 56 nm of the transmitted pulses. The duration of the transmitted
pulses was measured to be 340 fs. This corresponds to a bandwidth-duration product of
2.0. Fig. 5.4 shows the autocorrelation and spectrum of the longest pulses obtained at
the extreme end of "side 2" and the corresponding spectrum of transmitted pulses.
Although the output spectrum of the output laser pulses was much broader (Fig. 5.4)
than that for the bias level in Fig. 5.3, the spectrum of the pulses transmitted through the
waveguide was narrower than that in Fig. 5.3. This was most possibly due to the longer
pulse duration and the lower peak power would imply less SPM in the waveguide.
Given that the duration of the transmitted pulses in this case was measured to be 628 fs,
a bandwidth-duration product of 2.6 is derived. It can be predicted that the spectrum of
the pulses returned to the main cavity was even broader than that of transmitted pulses
due to double passing through the waveguide. From GVD in the waveguide the duration
of the transmitted pulses were substantially broadened from 260 fs to 340 fs for the
shortest output pulses and from 552 fs to 628 fs for the longest pulses. The near
rectangular shape of the transmitted pulse spectrum in Fig.5.4 can also be interpreted to

suggest that the profile of the transmitted pulses was essentially rectangular as well [9].
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Figure 5.3.
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Interferometric autocorrelation (a) and spectrum (b) of output pulses, and (c) the

corresponding spectrum of transmitted pulses obtained at the extreme end of "side 1".
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Figure 5.4. Interferometric autocorrelation (a) and spectrum (b) of output pulses, and (c) the

corresponding spectrum of transmitted pulses obtained at extreme end of "side 2",
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5.3. Discussion

The nonlinear phase shift resulting from the intensity-dependent refractive index is
directly proportional to the instantaneous intensity of the incident pulse. The
instantaneous intensity at different parts of the pulse profile is different, the central part
being stronger and in the wings it becomes progressively weaker, Therefore, after
propagating thorough the waveguide, the central part of the returned pulses will acquire
more nonlinear phase shift than the wings. With regard to frequency characteristics, the
frequency associated with leading edge shifts toward long wavelength and the trailing
edge shifts towards short wavelength, the sign of the phase shift at the two wings is the
same relative to that of the centre. When the phase-shifted pulse adds coherently with
the main cavity pulse, different parts of the two pulses will have distinctive phase bias
features. Therefore, particular parts of the pulse will have different destructive or
constructive interference and this leads to the compression of the resultant pulses.

Following the theoretical discussion given in Ref. [6], the maximum compression
ratio (i.e. where the shortest output pulses can be generated) occurs at a phase bias of +
nt/2 when the overlapped pulses are chirped. The sign of this phase bias should be
opposite to the sign of the chirp parameter C of the pulses returned from the external
cavity. (It is negative when the returned pulses are positively chirped and positively
when the returned pulses are negatively chirped.). In the case here, the SPM effect and
positive GVD of the wavegnide made the chirp on the returned pulses positive.
Therefore, at a phase bias of about - 7t/2 there is a maximum compressive superposition
- and so the shortest pulses are generated. It also can be predicted that when the absolute
value of phase bias is beyond about 7/2, the superposition of the two pulses along the
pulse profile will become destructive and so the couple-cavity mode locking process
may not be permitted. When the phase bias is varied from -m/2 to +1/2, the destructive
force at the wings becomes relatively weaker and this therefore results in broader
pulses. From this analysis, it can be determined that "side 1" and "side 2" of the tuning

range in this experiment correspond to the negative phase bias ( external cavity length is
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shorter than main cavity length ) and to the positive phase bias (external cavity length is
longer than main cavity length ) respectively. The position of the zero phase bias is not
readily predicted, however.

Experiments supported this expectation. We monitored the voltage applied to the
PZT when the phase bias was changed. It was observed that when the phase bias was
tuned from "side 2" to "side 1" (e.g. output pulses varied from broader té shorter), the
voltage applied to PZT varied from relatively low to higher. Because the PZT responds
to the increase of applied voltage as the expansion of the PZT, this expansion led to a
shortening of the control cavity length, and thus a reduction of phase bias. Therefore, it
confirmed that the pulse duration decreased as the reduction of the phase bias, within the
limit of the tuning range.

Because of the positive nature of the nonlinear refractive index of the
semiconductor waveguide at 1.5 pm, the SPM-induced frequency shift is negative near
the leading edge (red shift) and becomes positive at the trailing edge (blue shift) of the
pulses. The chirp due to the SPM is essentially linear and positive (up-chirp) over a
large central region [9]. Therefore, the extent of the frequency shift within this linear
range is proportional to the temporal locations relative to the centre of the pulse, e.g. the
further away from the centre of the pulse, the larger the frequency shift will be. In
another words, the returned pulses will have more "red" spectral component in the front
edge and more "blue" component at the rear edge . Consequently, when the phase bias
was varied toward "side 2" (positive phase bias), the destructive force at the wings
becomes relatively weaker and therefore results in broader pulses. As a result, more
"red" and "blue" shifted spectral components at the front and rear edges of the returned
pulse will be coupled (or transferred) into the evolved laser pulses. Thus, the relatively
broader and more strongly chirped output pulses with broader spectra are generated.
Since the output power did not change, the power in the central part will shift to the
sideband of the spectral profile when the phase bias is tuned from "side 1" towards \

"side 2". This is consistent with the experimental data indicated in Fig. 5.2.
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In dispersion-compensation studies, we also observed that when a glass disc was
inserted into the main cavity, at particular phase bias and relatively higher incident
power level, generation of multiple pulses occurred. This can perhaps be explained to be
the result of too much phase shift imposed on the returned pulses. The large phase shift
on the returned pulses and the introduction of the extra glass in the main cavity resulted
in even larger phase difference between the main cavity and the returned pulses.
Therefore, over the pulse profile of the two overlapped pulses periodic constructive and
destructive features can arise. As a result, the resultant pulse would be modulated and
the output pulse would exhibit multiple-pulses.

It was also found that the power transmitted from the waveguide was a function of
pulse duration. With shorter output pulses the transmitted power was higher, and
similarly the transmitted power was lower when the output pulses tuned to longer pulse
duration side (side 2). This effect is a direct result of two-photon-absorption (TPA) in
the waveguide. Longer pulses had low peak intensity in the waveguide and thus
experienced less TPA attenuation, while shorter pulses have high peak intensities and
thus experienced more TPA attenuation in the waveguide. By measuring the transmitted
power at different pulse durations, a two-photon-absorption coefficient has been
estimated to be 0.3 cm/GW (see Chapter 4). This value is in reasonable agfeement with
that of the experimental results reported in Chapter 3 and with that published in the
Reference [10] where a value of 0.14 cm/GW was presented.

5.4. Large scale cavity-mismatch characteristics

By defining the difference between the optical length of the external cavity and the
main cavity as the cavity mismatching, AL= Lext, - Lmai., we can divide the cavity-
mismatching into three categories - positive, zero, and negative cavity-mismatches
which refer respectively to the situation when the external cavity is longer,
approximately the same, and shorter than the main cavity. In the experiment the cavity-
mismatching was accomplished by a manual translation of mirror M3 which was

mounted on a precision translation stage in the external cavity, e.g. by changing the
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external cavity length while keeping the main cavity length constant. Due to the practical
difficulty in determining the accurate zero cavity-mismatch condition, we intentionally
assigns the zero-cavity-mismatch condition to the situation where the measured spectral
and temporal profiles of the output pulses were most symmetric. As already mentioned,
during the experiment, the temporal and spectral characteristics of the output pulses
were monitored by a real-time second-harmonic autocorrelator and a real-time scanning
Fabry-Perot etalon respectively. Therefore, the assumed zero-mismatching-condition
could be deduced by moving the mirror attached to the PZT (shown in the experimental
set-up in Figure 4.4) to the position where the monitored spectral profile of the output
pulses were most symmetric.

Fig. 5.5 shows the measured spectra and second-harmonic autocorrelation traces of
the output pulses for different cavity-mismatching conditions. It was observed that
when the two cavities were not matched the output spectra were asymmetric and the
larger the cavity-mismatch the more pronounced the asymmetric would be. For positive
mismatches, a shoulder appeared at the shorter wavelength side of the output spectral
profile; while for negative cavity-mismatch this feature appears at the longer wavelength
side, as shown in Fig. 5.5 b, d. In the zero-mismatch condition, e.g. the optical lengths
of the two cavities are taken to be approximately equal - and the output spectral profile
was symmetric. Careful comparison of the autocorrelation traces at different situations
indicates that the output pulse profile at matched condition was symmetric, while the
elevated wings which appeared on the intensity autocorrelations at the mismatched
regimes imply that the output pulse profile was asymmetric.

These results could be explained as follows. When the optical length of control
cavity is longer than that of main cavity, e.g. positive mismatching, an overlap occurs
between the trailing edge of the main cavity pulse and the front edge of the returned
pulse. Thus, this overlap will result in the output pulses having a longer leading edge
and a sharper trailing edge. In contrast, for negative-mismatch, the resultant pulses will

have a longer trailing edge and a sharper leading edge. This phenomenon was also
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1520
Wavelength (nm)

Figure 5.5. Spectra and autocorrelation traces of output pulses for different cavity-mismatch conditions.

observed and reported by Zhu and Sibbett when a piece of optical fibre was used as the

nonlinear element [11]. It was more explicitly shown by Chee, et al in a CCM, Nd:YLF
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laser through the cross-autocorrelation measurement of the output pulses [8], where
analytical prediction are also studied by combining two chirped pulses together at
different portion of the pulses.

When further away from the zero-mismatch position; AL = 30 pm and AL = - 30
pm in the studies here; a peak feature appeared on the output spectrum and the
autocorrelation traces exhibited a modulation structure. Measurement indicated that the
isolated colour-centre laser output spectrum was in the middle of the broadened CCM
output spectrum. Therefore the modulation characteristic can not be explained as the
transient switching on and off of the CCM process. The origin of this spike feature
which appeared on the output spectrum profile is not yet clear. The maximum detuning
from the zero-mismatch condition is about 30 pm, and beyond this value the couple-
cavity mode locking is prevented.

The transmitted spectra at different cavity-mismatch conditions were also measured,
as indicated in Fig. 5.6, where for the reason of comparison, the output spectra are also
shown. It was found that the output and transmitted spectral profiles were both
symmetric at zero-mismatching , as confirmed in Fig.5.6 (b). When the two cavities
were not matched, the transmitted spectral profile became asymmetric and shifted
towards the shorter wavelength side at positive-mismatching, Fig. 5.6 (a), while at
negative-mismatching it shifted more towards the longer wavelength side, Fig. 5.6 (c).
This can be explained in terms of the SPM-induced spectral broadening in the
waveguides. Due to the SPM effect, the leading edge of the pulse gives rise to a spectral
broadening on the longer wavelength side and the trailing edge gives rise to spectral
broadening on the shorter wavelength side. After passing through the waveguide, an
asymmetric incident pulse will give rise to an asymmetric spectral profile of the
transmitted pulse as well. Therefore, the asymmetric feature of the transmitted spectral
profile in Fig. 5.6 indicates that the incident pulse shape was asymmetric. At positive

mismatching, the "red" shift of the wavelength means that the incident pulses had a
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(a) AL =21 um

1470

1
1520 1570

Wavelength (nm)

Figure 5.6. Output and transmitted spectra for different cavity-mismatching conditions.
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sharper trailing edge and a longer leading edge,. These are consistent with the prediction
of the output pulse shape for different cavity-mismatching conditions.

With reference to Fig. 5.6, it can be stated that as a positive cavity-mismatch, the
pulses returned to the main cavity had more SPM-induced spectral components at the
shorter wavelength side due to the asymmetric feature of the incident pulses. Therefore,
when these returned pulses are overlapped with the main cavity pulses, relatively more
shorter wavelength components will be transferred to the main cavity pulses. As a
result, the output spectrum appeared with a shoulder at the shorter wavelength side and
vice versa for negative cavity-mismatches.

Fig. 5.7 shows a diagram of the output pulse duration, spectral width and
bandwidth-duration product as a function of the cavity-mismatching. It can be seen that
when the two cavities were matched the pulse duration, spectral width and bandwidth-
duration product were all maximum. Away from this matching point the pulse duration

become shorter and the spectral width was reduced.
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The cavity-mismatch studies here also performed when frequency-chirp
compensation was introduced in the cavity. An interesting feature is that the pulse
duration at different cavity-mismatch for different chirp compensation. Without
frequency-chirp compensation or with a 10 cm long silica rod inserted in the nonlinear
branch, the pulse duration was longer at matched position than at mismatched position,
as shown in Fig. 5.7 and Fig. 5.8. When 30 cm long silica rod was inserted in the
nonlinear branch or a 2 mm thick silica disc was inserted in the linear branch the output
was shorter at the matched position than at the mismatched position, as indicated in Fig.
5.9 and Fig. 5.10. When 30 cm glass rod was incorporated in the control cavity,
referred to Fig. 10, the bandwidth-duration product at the mismatched position was
smaller than 0.32 for the transform limited pulses (sech? profile assumed). This
indicates and confirms again the pulse profile at mismatched position was asymmetric
[91.

5.5. Summary

In this chapter, the cavity-detuning characterisations of the coupled-cavity mode-
locked KCL:T1 colour-centre laser has been discussed. It was found that CCM process
could be maintained over a significant range of phase bias. The experimental results
indicated that the pulse duration could be continuously changed from around 240 fs to
about 700 fs simply by varying the phase difference between pulses returned from the
external cavity and that being circulated in the main cavity. At one side of the tuning
range both the pulse duration and the spectral width of the output pulses were
comparatively smaller, while at another side they were both larger. For practical
applications of the CCM KCI:Tl colour-centre laser, it is appropriate to tune the laser to
the condition where the shortest pulses are generated, because in such case the output
pulse is less chirped and appears less noise than at another side of the phase-bias
setting. Larger scale cavity-mismatching characterisations indicated that only when the
two cavities were matched both the temporal and spectral profile of the output pulses

were symmetric, and in this case the spectral width was a maximum,
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Chapter 6

Applications

The main concern in the previous chapters has been the generation of ultrashort
laser pulses using the KCI:Tl colour-centre laser. In this chapter, some applications
using the laser, conducted during the course of this project, will be described. The first
section discusses the conversion of femtosecond pulses from the 1.5- to 1.3- um region
by self-phase modulation mediated four-wave mixing in an Er-doped optical fibre. The
second section provides the experimental results on the measurement of the GVD of a
passive AlGaAs waveguide. In the last section, experiment on pulse propagation in a
long length (1.017 km) optical fibre will be presented.

6.1. Conversion of femtosecond pulses from the 1.5- to 1.3- pm region
by self-phase modulation mediated four-wave mixing
6.1.1. Introduction

The generation of femtosecond laser pulses over a wide spectral range has been a
key research topic in the area of ultrafast phenomena [1, 2, 3]. Two approaches
commonly used to obtain ultrashort laser pulses at some desired wavelength have been
to use of available mode-locked lasers or to exploitation of nonlinear effects, such as the
Raman effect to wavelength-shift the pulses from one spectral region to another [4, 5].
In the experiment described here, femtosecond pulses from a 1.5 pm CCM KCIL:T]
colour-centre laser are shifted to wavelengths near 1.3 pm in an erbium-doped, single-
mode optical fibre by the process known as self-phase-modulation (SPM) mediated
four-wave mixing,

SPM-mediated four-wave mixing is a nonlinear process first observed by Zhu and

Sibbett in a study of femtosecond pulse propagation in Er-doped optical fibres [6]. In
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this process self-phase modulation occurs first. Then, as the spectrum of the
propagating pulses extends, part of the extended SPM spectrum reaches particular
wavelengths at which the phase-matching condition for four-wave mixing is satisfied
such that efficient four-wave mixing occurs. In particular, as was shown by the original
results [6], for the incident pulses (having duration of ~ 130 fs, repetition rate of 82
MHz) centred at 1.51 pm the output radiation can have a spectrum with distinctive peaks
at 1.36 um (anti-Stokes) and 1.6 pm (Stokes), depending on the fibre length and the
coupled optical power.

In the research presented here, a further study of this interesting nonlinear process
was performed. The duration of the incident pump pulses have been reduced in duration
to the sub-100 femtosecond range, which has led to enhanced frequency shifts toward
both shorter and longer wavelengths for the propagating pulses at relatively lower
average pump power levels. The shortest anti-Stokes wavelength so far obtained was
centred at 1.33 pm, which, in combination with the previous results, gives a tuning
range of 1.33 ~ 1.38 um. (The wavelength tuning can be achieved by changing the
average power or the duration of the incident pulses near 1.5 pm ). Although the 1.5 pm
incident pulses have an amplitude modulation of approximately 2% at frequencies < 2
kHz, no noticeable fluctuations of the anti-Stokes wavelength was observed. With an
average incident power (P;) of 15 mW at 1.52 pum, the anti-Stokes signal( centred at
1.33 pm) had a power level of ~1.2 mW, which, when the coupling loss is taken into
account, implies a typical energy conversion efficiency of 11% in the fibre. For a given
average intrafibre power level, the energy conversion efficiency was observed to be not
only related to the fibre length but also to the incident pulse duration. When the duration
of the incident pulses centred at the wavelength of 1.52 pm was maintained around 80 fs
the duration of anti-Stokes pulses varied from 100 fs to 300 fs, depending on the length

of the fibre used. In general, provided the phase matching condition was met, the longer

the fibre, the broader the anti-Stokes pulses.
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6.1.2. Experiments and analyses

The pump laser used in these experiments was the coupled-cavity mode-locked
KCL.TI colour-centre laser, previously described in Chapter 2. By using an appropriate
thickness of birefringent filter and by the appropriate adjustment of the optical power
coupled into the nonlinear cavity, stable pulses having durations between 80 and 90 fs
were produced. The output from the laser was coupled into and out of a single-mode Er-
doped fibre through objectives O1 and O2 respectively (see Fig.6.1). Both objectives
(20X) were coated with broadband anti-reflecting coatings, except for the outer surfaces
near the fibre, where index matching liquid was used to reduce the surface reflectivity
loss. An overall coupling efficiency (P¢/P; - power after objective O2 divided by power
before objective O1) of 70% was obtained. The exact optical power coupled into the
fibre was controlled by incorporating a neutral-density wheel attenuator. The fibre
(provided by the BNR Europe Ltd.) has an erbium dopant concentration of 1.6 x 1017
cm-3, a refractive index difference of 16 X 10-3: a core diameter of 4.6 Mm, and a
predicted zero-dispersion wavelength at 1.43 ptm. At the output of the fibre a prism or a
dichroic beamsplitter was used to discriminate between the spectral components of the
exiting pulses.

Erbium-doped monomode
optical fiber ( Ly < 2.5 m)

ND 02
Coupled-cavity L O
mode-locked

KCLTI laser / \ S
P Fe % %s

d tching liquid has
Av;=80 s (Index matching liquid)
Repetition rate = 82 MHz
A=1520 nm BS A > 1400 nm
AA =34 om ax
'2.< 1400 nm

Figure 6.1. Experimental set-up for conversion of femtosecond pulses from 1.5 um to 1.3 um
spectral region. ND: neutral density attenuator; Ol, 02: objectives; BS: dichroic
beamsplitter. (While the incident pulses are in the picosecond regime there is no four-
wave mixing involved and the exiting beam after passing the prism will be in a direction

as shown by the dashed line on the screen S).
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Spectra for output pulses from 2.37 m fibre are reproduced in Fig. 6.2 (a) where
the incident pulses had a duration of 80 fs and the average transmitted power was 12
mW (peak power in fibre = 2.2 kW). It can be seen that two distinct spectral features are
evident, one peaked at 1.63 um and another centred at 1.33 pm. This result should be

contrasted with the spectrum of the incident pulses, which , as shown in Fig. 6.2(a) by

(@)

1
(b)

Av=T75 fs As

T T T T : I T T T T

(c)
Aas AT=300 s
] ] ] | l | | i |
1240 1490 1740

Wavelength (nm)

Figure 6.2. (a) Spectra for the pulses coupled into (dashed line) and exiting from (solid line) a
2.37 m erbium-doped fibre with Pf= 12 mW and At; = 80 fs; (b) (c) spectra for

the spectrally discriminated Stokes and anti-Stokes signals, and the corresponding

intensity autocorrelation traces.
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the dashed curve, has a central wavelength of 1.52 um and a bandwidth of 32 nm.
When a dichroic beam splitter was used, the two dominant spectral components could be
spatially separated in this way that the individual temporal features for each component
were recorded, as shown in Fig. 6.2(b) and (c). [Note that the dichroic beamsplitter has
a high reflectivity for the anti-Stokes signal and that the ringing on the reflectivity curve
for the coating leads to the observed small amount of ripple in the spectral region beyond
1.4 um - Fig. 6.2(c)]. The intensity autocorrelation trace for the Stokes signal (see the
inset in Fig. 6.2(b)) shows a soliton-like feature. [Note that the component referred to
here as the Stokes signal includes the residual spectral components at wavelengths near
or longer than the incident laser wavelength; see Fig. 6.2(a), and (b)]. The central peak
has an associated duration of 75 fs, which is slightly shorter than that of the incident
pulses. In contrast, the anti-Stokes signal has a duration of 300 fs, which is significantly
longer than the incident pulses and the corresponding Stokes signal.

In order to have some insight as to how the spectral characteristics of the
propagating pulses change along the fibre, a cut-back experiment was performed. The
monitored spectra for the pulses exiting from different lengths of fibre under
approximately the same incident condition are shown in Fig.6.3. Interestingly, the
shortest fibre length (Lf = 30 cm, trace (a) in Fig. 6.3) already shows a relatively large
amount of spectral extension. Nevertheless, a significant anti-Stokes signal does not
occur until the fibre length reaches 0.6 m (see Fig. 6.3(c) ). This gives a clear indication
of the region within the fibre where the four-wave mixing process is initiated. After the
onset of the four-wave mixing, there is an associated spectral shift of the Stokes and
anti-Stokes towards longer and shorter wavelengths. [Compare trace (d) with trace (c) in
Fig. 6.3]. However, as the pulses propagate further in the fibre the central wavelength
of the anti-Stokes remains essentially unchanged, as indicated by traces (d) - (f) in Fig.
6.3. This result is very different from the situation where the fibre length is fixed while
the optical power of the incident pulses is varied [6] . As mentioned above, varying the

optical power leads to the tuning of the anti-Stokes signal wavelength. The obvious
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Pe~11 mW

Fiber lengths
03m

0.60 m

‘ i , (©

0.84 m

(@

1.55m

1240 1490 1740
Wavelength (nm)

Figure 6.3. (a) - (f). Cut-back measurement of the spectrum of the propagating pulses for six
different fibre lengths, where the incident conditions were maintained - Pr~11 mW,

At : 80 ~ 90 fs.
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modulation structure on the anti-Stokes spectra shown in the traces (e¢) and (f)
reproduced in Fig. 6.3 indicates the involvement of SPM at these wavelengths.
However, the spectral bandwidth of the anti-Stokes signal was not noticeably increased.
For the traces (c) and (d) in Fig. 6.3, it can be seen that, in contrast to the anti-Stokes
counterpart, the change of Stokes signal along the fibre is rather complicated. This
change may be due to the mixture of and the interaction between the processes of four-
wave mixing, self-phase modulation, and self-Raman effect.

The temporal features of the anti-Stokes signal exiting from different lengths of
fibre were investigated by using a prism to separate it from Stokes wave (see Fig.6.1),
and then using an autocorrelator to measure intensity and interferometric autocorrelation
traces. Associated with the spectra shown in Fig.6.3 (c)-(f), the autocorrelation traces of
the anti-stokes wave were recorded and are shown in Fig. 6.4. From Figé.6.4 (a), (c),
(e), and (g), it can be seen that the duration of the anti-Stokes pulses increases
monotonically with the fibre length (or the propagation distance). Correspondingly, the
interferometric autocorrelation traces [(b), (d), (f), and (h) in Fig. 6.4] indicate an
increased frequency chirp in the recorded pulses.

For the spectral and temporal data given in Figs. 6.3 and Fig. 6.4, the bandwidth-
duration products for the anti-Stokes pulses can be deduced to be 0.82, 1.02, 1.49, and
2.35 for the 0.6-, 0.84-, 1.55-, and 2.37-m fibre lengths, respectively. Such values
indicate the degree of frequency chirp associated with the anti-Stokes pulses. The
relatively large frequency chirp within the initial anti-Stokes signal AvAt = 0.82 could
be transferred from the chirped pump wave during the early stage of the four-wave
mixing process, that is, a result of cross-phase modulation.

It is believed that the self-phase modulation of the incident 1.52 pwm signal is
responsible for producing the particular wavelength at which the phase-matching
condition for four-wave mixing is met. In other words, the shorter-wavelength part of
the SPM-extended spectrum acts as a pump wave in the four-wave mixing process.

Thus, from an energy conservation point of view, only half of the incident signal can be
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(a)

()

(e

At=

Figure 6.4. Intensity and interferometric autocorrelation traces for the anti-Stokes pulses as a
Jfunction of fibre length [the corresponding spectra are the left part of the traces
shown in Figs. 6.3(c)-(f)].

converted to the actual pump wave for four-wave mixing. If we take the conversion
efficiency of this pump to four-wave mixing to be somewhere between 50% and 100%,

say 75%, then the percentage of the total incident energy that contributes to the anti-
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Stokes signal will be 1/2 x (75% x 1/2) = 3/16. Therefore, ignoring any loss inside the
fibre, one can expect an energy ratio of the shorter wavelength (anti-Stokes) to the entire
longer wavelength (Stokes) signals to be 3/16 : 13/16, that is, approximately 1:4. This
simply means that if the average power of the spectral component around 1.33 pm is 1
mW measured by a power meter located after the dispersive prism in Fig. 6.1, then a
similar measurement for the remaining spectral components (most having wavelengths >
1.5 pm, for example, trace (f) in Fig 6.3.) would give an average power of 4 mW. In
the experiment, the measured maximum ratio was approximately 1:5. This discrepancy
could have arisen because we assumed too high a conversion efficiency or because we
ignored the drain of energy to the Raman signal.

For the spectral data shown in Figs. 6.3 (c) - (f), the measured energy ratios of the
anti-Stokes to Stokes for the four fibre lengths are as shown in Fig. 6.5, .where the
energy conversion efficiency from 1.52 pm to 1.33 um is given. Interestingly a
maximum conversion efficiency of ~ 14% exists for the 0.84-m-long fibre. When the
incident pulse duration was varied while the average power was kept constant (that is, as
the peak pulse power was varied), the optical power of the anti-Stokes wave also
changed. An example of this is shown in Fig. 6.6, from which it can be seen that for a
fibre length of 1.55 m the average power of the anti-Stokes wave increased as the
incident pulses became broader. For the point that relates to At; = 122 fs in Fig. 6.6, the
recorded anti-Stokes power level reaches 1.9 mW. In this case because the incident
power Pjis 18 mW and the exiting power Pris 13 mW, it can be deduced that the ratio
of the anti-Stokes to Stokes signal is approximately 1:5, and the conversion efficiency
from 1.52 pm to 1.33 pm is 16%. If we assume that the peak conversion observed for
the 0.84 m fibre (Fig. 6.5) implies that such a fibre provides an interaction length that is
close to the coherent length, then the tendency shown in Fig. 6.6 would indicate that,
for the 1.55-m-long fibre to be close to a coherent length, the incident pulses should be
broader. Hence an even higher conversion efficiency might be obtained if the system

parameters are optimised. In general, for a chosen fibre length and a given coupling
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power, an optimum incident pulse peak power will exist. With this optimum pulse

duration a maximum conversion efficiency from 1.52 um to 1.33 pm can be achieved.
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Figure 6.5. The energy conversion efficiency from 1.52 yim to 1.33 um (dashed line) and the average

power ratio of anti-Stokes wave to Stokes (solid line) as a function of fibre length.
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Figure 6.6. Variation of the average power of the anti-Stokes signal at exit of a 1.55-m-long fibre as

a function of incident pulse duration (with P; = 13 mW).

6.1.3. Conclusions

By pumping an erbium-doped monomode optical fibre with sufficiently powerful
femtosecond pulses at 1.52 pm such that a self-phase-modulation mediated four-wave
mixing process is initiated, we were able to produce femtosecond pulses near 1.33 pum.
With the incident average power at a level of 10 mW, the average power of the anti-
Stokes wave is typically 1-2 mW. The observed maximum up-conversion efficiency
(from 1.52 pum to 1.33 pm) is 14% for 80-fs incident pulses and 16% for 122-fs

incident pulses. The 16% value is close to a predicted value of 20% based on a simply

analysis.
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Being distinct from their Stokes counterparts, the anti-Stokes pulses have duration
that exceed those of the incident pulses. Typically for 80-fs incident pulses at 1.52 pm,
the duration of anti-Stokes pulses (which are found to be frequency-chirped) is ~ 100 fs
at the fibre position where they are initiated. Because the anti-Stokes wave (centred at

1.33 um) lies in the normal dispersive region of the fibre, these pulses broaden as they

propagate.

6.2. Measurement of group-velocity-dispersion of the passive AlGaAs
waveguides

6.2.1. Introduction

Recently, there has been much interest in the study of all optical switching in
AlGaAs based semiconductor waveguides [7, 8] by utilising the enhancement of the
nonlinear refractive index coefficient around half the bandgap energy. However, in most
cases the group velocity dispersion (GVD) of the waveguides have been neglected. For
broad optical pulses and relatively short waveguides, this assumption might be justified.
When the waveguide is sufficiently long and subpicsecond pulses are used, the GVD
effect can become significant. Therefore, it is necessary to have some knowledge about
the GVD of the waveguide. In the experiment described here, direct measurement of the
GVD of a passive AlGaAs waveguide was conducted.

The measurement was based on the synchronously-pumped, coupled-cavity mode-
locked (CCM) KCLT1 colour-centre laser, described in Chapters 4 and 5, in which the
AlGaAs waveguide to be measured was used as the nonlinear element inside the control
cavity. It is known that for proper CCM mode locking the optical lengths of the two
cavities should be properly matched [9]. Mismatching of the two cavities will result in
asymmetric features in both spectral profile and pulse envelope of the output pulses, as
observed in Chapter 5 and discussed in Ref. [10]. Because of the difference in the GVD
of the waveguide at different wavelengths, the transit time of pulses having different
central wavelength are varied. Accordingly, it can be predicted that when the operating

wavelength of the colour centre laser is changed, the round-trip time for pulses in the
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control cavity varies as well. The length of the control cavity has to be re-adjusted so as
to re-match the optical lengths of the two cavities. The change in the control cavity
length is therefore a measure of the variation of the time delay versus wavelength that the
pulses experience as they pass through the waveguide. Thus, by doing some simple
calculation, the group velocity dispersion parameter D of the waveguide can be obtained.
Utilising this principle, group-velocity-dispersion of an optical fibre has been
successfully performed [11].

The AlGaAs waveguide to be measured was the one having a length of 3.49 mm,
used in Chapter 4 and 5. Details of the waveguide structure can be found in Chapter 4.
6.2.2, Experiment and results

The experimental set-up was similar to that depicted in Fig. 4.4 of Chapter 4,
except that a 2 mm thick birefringent filter was inserted in the main laser cavity (linear
branch, see Fig. 4.4) to tune the output wavelength. The output wavelength could be
varied from about 1.48 pm to 1.54 um, and the output pulse duration was typically
around 500 fs. The temporal features of the output pulse were monitored by a real-time
autocorrelator, and the spectral feature were observed by a scanning Fabry-Perot
interferometer. The main cavity length was varied by moving mirror Mj, which was
mounted on a fine-translation stage; and the variation of the control cavity length was
accomplished by moving the mirror attached to the PZT, which was also mounted on a
fine-translation stage.

It was found that when the optical length of the two cavities were properly matched
the spectrum of the output pulses would have a symmetric profile. But, if the two
cavities were not properly matched the autocorrelation traces of the output pulse featured
with long elevated wings, and an asymmetric output spectral profile was obtained, as
evidenced in Fig. 5.5 of Chapter 5. These phenomena were initially considered to be a
characteristic feature used for the correct judgement of the matching position.

In practise, it was found that, at a particular setting of the phase bias between the

pulses in the two cavities, a peak feature appeared on the output spectrum, as shown in
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Fig. 6.7. (Similar to that in Chapter 5, the setting of phase bias between the two-cavity
pulses was accomplished by varying the signal level (voltage) applied to the PZT.)
‘When the optical length of the control cavity was longer than that of the main cavity, the
peak appeared at the short wavelength side of the spectrum, as depicted in Fig. 6.7-
(a).The opposite occurred when the control cavity was shorter than that the main cavity,
as illustrated in Fig. 6.7-(c). When the optical length of the two cavities were properly
matched, the peak centred at the middle of the output spectrum, as depicted Fig. 6.7-(b).
These characteristics were utilised in the determination of the matching position between

the two cavities.
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Figure 6.7. Spectra of the output pulses when the optical length of the control cavity is (a)

longer than, (b) matched with , and (c) shorter than that of the main cavity.

The mechanism responsible for the peak which appears on the output spectrum
under these condition is not well understood yet and requires further theoretical and
experimental study. However, the matching position, when the peak was centred at the
middle of the output spectrum, can be granted because in such case the output spectral
profile was the most symmetric.

The measuring procedure was conducted as follows. Firstly, with the contiol cavity
blocked, the end mirror M; of the main cavity was positioned to optimise the

synchronous mode locking of the colour centre laser. The main cavity length was then
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maintained constant during the whole measurement procedure. Secondly, the control
cavity was unblocked and the mirror attached to the PZT was adjusted to obtain coupled-
cavity mode-locking operation. Thirdly, the signal level applied to the PZT was varied
until the peak feature appeared on the output spectrum (monitored by a real-time
scanning FP interferometer). Fourthly, the laser wavelength was tuned using the BRF in
the main laser cavity, and the spectral peak was centred in the middle of the spectral
profile by moving the mirror attached to the PZT. Fifthly, the change in the control-
cavity length was recorded for each wavelength chosen. Now by simple calculation, the
change of the external length could be transformed to the variation of propagation time
of the pulses through the waveguide.

Fig.6.8 shows the measured relative difference in transit time of pulses through the
waveguide. It can been seen that at longer wavelength the transit time of pulses through
the waveguide was less than that at shorter wavelength. This signifies that the
waveguide had a normal group velocity dispersion around 1.5 pm. This is consistent
with the previous observation that the pulses either transmitted through or returned from
the waveguides were both temporally broadened. This was also verified by the single-
pass experiment discussed in Chapter 3, where the transmitted pulses were temporally

broadened.
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Figure 6.8. Relative difference in transit time of pulses through the waveguide for different

wavelengths.
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From a second order polynomial fit to the data in Fig. 6.8. the relative time delay

At, of pulses through the waveguide, can be expressed as
At =1.5385%10* —16.28114 +(4.1177 x 107 A? 6.1)

where A is the wavelength, expressed in nm.
The group velocity dispersion parameter D, defined as the pulse broadening per unit

length of propagation and per unit wavelength, is given by

_1dy
L di

1 (6.2)
=7 [-16.281+(8.2354 10)A]

where L is the length of waveguide. On substituting L = 3.49 mm and A = 1510 nm into
the above equation, we get

D=-1100ps/ nm/ km

2
or "= Dz =1330ps* / km

The GVD of the waveguide was also estimated by evaluating the effective refractive

index data at wavelengths around 1.5 pum. Fig. 6.9 shows the variation of effective
refractive index as a function of wavelength. Second-order polynomial fitting to the data
gives

Ny =3.679-0.3964 + 0.107A (6.3)

In this equation, the wavelength A is in um. The group-velocity-dispersion is given by

2,3 dzn
dlz

B’ = =1300ps® / km

o e 2/{? B = —1074ps / nm. | km

It can be seen that these two results were in good agreement.
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Figure 6.9. Dependence of effective refractive index on wavelengths.

Anaiogous to the case in optical fibres, a dispersion length can also be defined for

the propagation of optical pulses in semiconductor waveguides [12], which is

27c ( AT,

2
P~ D) 1.736) 64

where At, is input pulse duration, D is the dispersion parameter and A is the

in

wavelength. The transmitted pulse duration A7, is given by the equation

L 2
AT, = AT, 4|1+ (—L:] (6.5)

If we substitute the measured result of D =~1100ps / nm / km, the input pulse
duration A7, =100fs, and waveguidg length L=3.49 mm into the above two equations,
we get Lp=2.4 mm, and A7, =176/s. It can be seen that the pulse broadening resulting
from the GVD is quite significant, and the dispersion length of the waveguide is
comparable to the length of the waveguide. Therefore, it is necessary to consider the
GVD effect for relatively longer waveguides and shorter optical pulses.

To confirm the measured result, a single-pass experiment was carried out. Here,
transform-limited pulses were launched into the waveguide and the throughput pulse

duration and spectrum were measured by an autocorrelator and a scanning FP

interferometer respectively. For low input powers, the spectral broadening induced by



Chapter 6. Applications

self-phase modulation could be neglected, so the puise broadening could be considered
to be that resulting solely from the group velocity dispersion. If both the input pulse
duration and the throughput pulses duration were measured, from equation (6.4) and
(6.5), the dispersion parameter D can be deduced. It was found that when 115 fs
duration transform limited pulses were lunched into the waveguides, the transmitted
pulses increased in duration to about 200 fs at low input powers (no significant spectral
broadening was observed). Therefore, from Eq. 6.4 and Eq. 6.5, we get Lp=2.45 mm
and |D|= 1440 ps/nm/km. Again these values are in good agreement with the measured
result. The greater value of D obtained in the later case might be caused by the
uncertainty in the determination of the pulse duration at very low power. ‘As the
autocorrelation traces were noisy which made the estimation of the pulse duration
unreliable. When the launched power was high, the combined effect of the normal group
velocity dispersion and the self-phase-modulation induced spectral broadening the
transmitted pulse duration could be as high as 380 fs.
6.2.3. Conclusion

In conclusion, a measurement of the group velocity dispersion of an AlGaAs
waveguide has been conducted. The result shows that the waveguide used here had a
normal GVD at the wavelength around 1.5 pm and the value measured in this way was

in good agreement with that calculated from the effective refractive index data.

6.3. Pulse propagation in optical fibres in the vicinity of zero-GVD
6.3.1. Introduction

In the first section of this chapter, the nonlinear pulse propagation in Er-doped
fibres was discussed, with the emphasis on SPM-mediated four-wave-mixing. This
section presents the experimental results pertinent to the propagation of ultrashort laser
pulses in much longer optical fibres in the vicinity of zero-GVD. Attention will be
focused on the spectral broadening effect of the transmitted pulses at different input

wavelength. It has been found that different mechanisms are involved in the spectral
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broadening, these include self-phase-modulation (SPM) [13, 14], modulation instability
(MI) [15, 16], Raman scattering [17, 18], and the soliton-self-frequency-shift [19, 20].

In the experiment an AT&T fibre was used. The fibre was 1017 m long, and had an
effective mode area of 80 pm?. The wavelength of zero GVD of the fibre was specified
as 1520 nm.
6.3.2. Experiments and results

The laser source used in this experiment was the synchronously mode-locked
KCLTI colour centre laser, discussed in the previous chapters, which was tuneable from
1450 nm to 1570 nm. Typically, pulses having duration of 10 - 30 ps could be
produced. With a newly installed crystal, output power of up to 200 mW could be
obtained. The experimental set-up is illustrated in Fig. 6.10. The output from the laser
was split into two parts by a beamsplitter, one part (~78%) was directed to the test
optical fibre, with the another part going to the SHG autocorrelator to monitor the laser
performance. An optical isolator was used to prevent the reflection from the fibre end
disrupting the mode locking process. A variable neutral density (ND) wheel was used,
before the coupling objective, to control the launched power to the fibre. Coupling of
laser beam in and out of the fibre was accomplished by two 10X objective lenses.
Typically, coupling efficiencies of about 60% were achieved. A portion of the
transmitted signal was directed to a scanning monochrometer for spectral assessment.
From time to time the pulses transmitted from the fibre was monitored by a SHG
autocorrelator. For consistency, an effort was made throughout this experiment to
ensure the pulse duration was maintained at about 14 ps.

As shown in Fig. 6.11, when the spectrum of the incident pulses was centred at a
wavelength of 1515 nm, the spectral broadening was dominated by the SPM effect,
within the experimentally limited power level (60 mW). The SPM induced spectrum

became broader as the incident pump power was increased. However, the spectral

profile became asymmetric at high power level.
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s /\ Monochronator
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Figure 6.10. Experimental set-up for the single pass of pulses in the 1.017 km long optical fibre.

Fig. 6.12 shows the spectra of the transmitted pulses at an incident wavelength of
1520 nm. Pulse duration measurement has indicated that the transmitted pulses
experienced essentially no temporal broadening. This implies that the zero-GVD
wavelength of the fibre was in the vicinity of 1520 nm. From Fig. 6.12, it can be seen
that the spectral broadening at this wavelength was still dominated by the SPM effect.
Whereas, at higher power level (40 mW, 50 mW, and 60 mW) some evident spectral
components emerged far beyond the SPM induced spectrum. It is believed that these
spectral components are most probably resulted from the modulation instability, because
part of the SPM induced spectrum may lie within the anomalous-dispersion region.

Comparing the SPM broadened spectra in Fig. 6.11 and Fig.6.12, it can be seen
that, at the same incident average power level, the spectra in Fig.6.12 are broader than
that in Fig.6.11 and are more asymmetric. This may be understood as a result of the
pulse broadening effect at the wavelength of 1515 nm. Because the wavelength of 1515
nm lies within the normal GVD region, pulses at this wavelength will experience a
temporal broadening when travelling in the fibre. Therefore, the peak power of the
pulses will decrease as they propagate along the fibre. Whereas, at the wavelength of
1520 nm, the pulses experiences essentially no temporal broadening. As a result, the

1520 nm pulse will induce more spectral broadening than that of the 1515 nm pulse, due

to its higher peak power.
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Fig.6.13 shows the spectra of the transmitted pulses at the wavelength of 1526 nm,
where the GVD becomes anomalous. It can be seen that a rather complicated spectral
structure occurs. In this case, SPM, MI and self Raman scattering are all involved in the
spectral broadening. At an average power level of less than 8 mW, the spectral
broadening was dominated by the SPM effect. At a power of 8 mW, modulation
instability began to appear, as evidenced by the typical spectral structure shown in Fig.
6.13 for the case of 10 mW incident power. When the power level was further
increased, the spectral broadening involved a combination between SPM, MI and self-
Raman effect.

When the input was further away from the zero-dispersion wavelength towards the
longer wavelength side the self-Raman effect became the dominant nonlinear effect even
at very low average power levels. This can be seen from the spectra shown in Fig.
6.14, Fig. 6.15 and Fig. 6.16. At higher power levels, self-Raman soliton generation
has been obtained. Fig. 6.17 is an example showing the autocorrelations of typical
transmitted pulses for the 1540 nm incident pulses, obtained at an average transmitted
power of 60 mW. It can be seen that the 14 ps incident pulses have been compressed to
about 210 fs after passing through the 1.017 km long fibre. One noticeable feature is
that these transmitted pulses were highly chirped. The autocorrelation traces at large time

scale indicates that a longer duration background pulse exists.
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Figure 6.11. Spectra transmitted from the fibre at an incident wavelength of 1515 nm with

different incident power level.
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Figure 6.12. Spectra transmitted from the fibre at an incident wavelength of 1520 nm with different

incident power level,
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Figure 6.13. Spectra transmitted from the fibre at an incident wavelength of 1526 nm with different

incident power level,
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Figure 6. 14. Spectra transmitted from the fibre at an incident wavelength of 1530 nm with different

incident power level.
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Figure 6. 15. Spectra transmitted from the fibre at an incident wavelength of 1535 nm with different

incident power level.
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Figure 6.16. Spectra transmitted from the fibre at an incident wavelength of 1540 nm with different
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Soliton Raman generation in optical fibres has been extensively studied, some
details of theoretical and experimental description can be found in a number of issued
papers [17, 21]. The explanation of the soliton Raman generation process can be simply
stated as follows: On propagating along the fibre the pulse firstly experiences the
modulation instability effect. As a result, side-band spectra will be formed, as shown at
the lower power level in Fig. 6.13. The "red" spectral component of the MI side band is
well within the Raman gain band, and will act as a seed for the Raman scattering process
on further propagation in the fibre. The result is that there is gain for the "red"
component while shorter wavelengths experience absorption, or in another words there
is an energy flow from short wavelengths into long wavelengths. If the power level is
sufficiently high, the spectrum thus generated will cover a wide spectral region at the
longer wavelength side, as observed in our experiment. Because such a broad spectrum
is within the soliton regime, the pulse will be temporally compressed on further
propagation along the fibre. At this stage, the soliton self-frequency-shift [20] may also

take effect, which will shift the spectrum further toward the longer wavelength side.
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Fig.6.17. Typical autocorrelation traces and spectrum of the soliton Raman pulses obtained at an
incident pulse duration of 14 ps and spectrum centred at 1540 nm. (a) Intensity autocorrelation; (b)
Interferometric autocorrelation; (c) Intensity autocorrelation at relatively larger time scale; and (c)

spectrum of the soliton Raman pulses. (Transmitted power measured to be 60 mW).

6.3.3. Estimation of GVD from the MI spectrum
As discussed in Chapter 1, the first side-band MI spectrum is separated from the

incident spectrum by

24P, b

18"

Q= (6.6)




Chapter 6. Applications

where P, is the peak power in the fibre, 8” is the GVD of the fibre, ¥ is a fibre

parameter given by

iy AR
¥= 4 (6.7)

with #, the Kerr coefficient, and A, the effective mode area.

In term of wavelength, equation (6.6) can be restated as

%
_ A | 297,
Aﬂ' T zn.c[ LBIII ] (6'8)

Therefore, if the GVD and peak power are known, the separation of the side-bands from

the pumping spectrum can be calculated. It is obvious then that if we obtain AA by
experiment at a known peak power then the GVD parameter can be estimated.

Transforming equation (6.8), the GVD parameter can be expressed as

B”=_(A’_2]z 27P0

2mc ) (AA)
or (6.9)
D=[l—2]~2—”’—%
2mc J(AA)

The minus sign for ” in Eq. 6.9 is based on the fact that the modulation instability

only occur at the anomalous dispersion regime.
Taking the case of incident average power of 10 mW as an example, and using the

fibre parameters Aeff= 80 im?2, and ny = 3.2 X 10-16 (cm2W-1); the calculated GVD of

the fibre at the wavelengths of 1526 nm, 1530 nm, and 1535 nm are summarised in

table 6.1.
Table 6.1. GVD estimated from the MI spectrum.
A (nm) AX (nm) B” (ps?/km) D (ps/nm/km)
1526 12 - 0.38 0.31
1530 7 - 1.13 0.91
1335 5 -2.27 1.82

Note: Incident pulse width: At = 14 ps (Gaussian pulse assumed).
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6.4. Summary

In this chapter, some applications of the ultrashort laser pulses generated from the
mode-locked KCL:T] colour-centre laser have been presented. The first section discussed
the conversion of femtosecond pulses from the 1.5- to 1.3- um region by the process of
self-phase-modulation mediated four-wave mixing in an Er-doped optical fibre. By
spectrally filtering the pulses at ~1.3 um spectral region, pulses having duration of
around 100 fs has been obtained. The second section provided the experimental results
on the measurement of the GVD of a passive AlGaAs waveguide, based on the CCM
mode locked KCL:TI colour-centre laser. A GVD parameter of D = - 1100 ps/nm/km has
been obtained. In the last section, pulse propagation in a long length (1.017 km) optical
fibre has been examined. It was found that different mechanism were involved in the
spectral broadening of the propagating pulses. Soliton Raman generation has resulted in
pulse compression of the 14 ps incident pulses to a duration of 210 fs after propagating

at ~1 km fibre.
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General Conclusions

The main themes of the work presented in this thesis have been the generation of
ultrashort laser pulses using a KCIL:Tl colour-centre laser and the subsequent
characterisations of their propagation in optical waveguides. Coupled-cavity mode
locking of the KCL:TI colour-centre laser with either monomode optical fibre or
passive AlGaAs waveguides as the nonlinear element have been investigated. This
work has shown that CCM, KCL:T1 laser having a fibre-based control cavity has the
advantage of being able to generate relatively shorter pulses. However, this laser is
more tolerant to the external disturbances when a short passive AlGaAs waveguide is
used as the control-cavity nonlinear element. Also, when combined with a Michelson
cavity configuration, there is the potential for greater miniaturisation of the CCM
laser.

Temporal and spectral broadening have been observed when femtosecond pulses
propagate in AlGaAs waveguides. It has been concluded that the temporal broadening
results primarily from the group-velocity-dispersion of the waveguide, while the
spectral broadening is caused mainly by the self-phase-modulation effect of the pluses
in the waveguide. Two-photon-absorption in the waveguide has been observed and
studied to provide date relating to the coefficient for two-photon absorption.

Optical fibre was the first and is still the dominant nonlinear element used in
coupled-cavity mode-locked lasers, mainly due to its versatility and easy accessibility.
Although a CCM, KCLTI colour-centre laser with optical fibres has been well
established, the consideration for optimisation of practical laser performance was still

required when this project was started [1, 2]. Therefore, as part of this work (Chapter
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2), a re-examination of the characterisations of the CCM KCI: Tl colour-centre laser
was carried out. It was found that two operational regimes existed for the CCM laser.
In one regime the laser was properly mode-locked and distinct pulse train was
generated, while in the other regime the mode-locked pulse train was modulated under
longer Q-switched envelopes. By the insertion of a birefringent filter in the main
cavity, the Q-switching effect could be eliminated. Optimisation of the laser
performance was achieved when the birefringent filter was oriented in a direction
parallel to the laser beam, and pulses as short as 63 fs have been generated.

Passive AlGaAs waveguides illuminated at the half-bandgap energy (1.5 pm) has
been demonstrated to exhibit a large Kerr-type (non-resonant) nonlinearity [3] and
thus nonlinear coefficient of the waveguide is two-orders larger than that in silica
fibres [4]. Such a nonlinearity implied that a semiconductor waveguide would
represent a suitable alternative of the optical fibres for the nonlinear element in the
CCM KCLTI colour-centre laser. To explore the suitability of the AlGaAs waveguide
as the nonlinear element, experiments on the pulse propagation in the waveguides have
been conducted and the results are presented in Chapter 3. It was shown that
waveguides used in this work have a linear loss coefficient of about 0.74 cm-1. Two-
photon-absorption coefficient of the waveguide was measured to be about 0.1 cm/GW.
It was found that, after passing through the waveguide, pulses were broadened both
temporally and spectrally. The temporal broadening was predominantly resulted from
the positive GVD of the waveguide, while the spectral broadening was primarily
caused by the self-phase-modulation of the pulses in the waveguide. Nonlinear phase
shifts in excess of 21 have been measured. From the measurement of nonlinear phase
shifts at different power levels, the nonlinear refractive index of the waveguide has
been deduced to be 0.8 x 10-13 cm?/W,

The main innovation of this project work is the coupled-cavity mode-locking with
passive AlGaAs waveguides. In the experiments, two different guiding geometries

have been employed. In the first case, a 4.15 mm long straight waveguide was used
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and pulses having duration of 230 fs have been produced. However, the large substrate
of the waveguide when presented at Brewster's angle prevented the use of lenses
having focal length less than 2 mm, and this restricted the coupling efficient of light
into the waveguide. It also made the further shortening of the output pulses ‘
impracticable. To overcome this drawback a curved guiding geometry was used. In
this case, instead of using an objective and an additional mirror to return the exiting
signal back into the main cavity, the rear facet of the waveguide itself acted as the end
mirror of the control cavity. By using a 3.49 mm long waveguide and employing a
Michelson-type cavity configuration, pulses having durations of about 250 fs have
been produced. It was found that such pulses were in general highly chirped. This
chirp is believed to be introduced from the positive GVD of, and SPM effect of pulses
in, the waveguide. To eliminate the frequency chirp and thus reduce the pulse
duration, dispersion compensation was implemented. When 30 cm long glass rod was
inserted into the nonlinear branch of the Michelson cavity, 220 fs pulses were
generated. However, further significant shortening of the pulse duration was achieved
when a 2 mm thick silica disc was inserted into the main laser cavity. With this
scheme, pulses as short as 168 fs have been recorded. By using shorter waveguides,
some further shortening of the output puises was achieved such that, with a 1.2 mm
long waveguide, pulses as short as 150 fs have been observed.

To increase the feedback from the waveguide, a waveguide having its rear facet
gold-coated has been used. With a 2.75 mm long gold-coated waveguide, successful
coupled-cavity mode locking has been achieved at an output power level as low as 4
mW. This confirms an optimism for the possibility of making integrated coupled-
cavity mode locking scheme applicable semiconductor lasers.

In Chapter 5, the cavity-detuning characterisations of the coupled-cavity mode-
locked KCL: Tl colour-centre laser have been discussed. It was found that the CCM
process could be maintained over a significant range of phase bias. The experimental

results indicated that the pulse duration could be continuously changed from around
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240 fs to about 700 fs simply by varying the phase difference between the pulses
returned from the external cavity and those being circulated in the main cavity. At one
extreme of the tuning range both the duration and the spectral width of the output
pulses were comparatively small, while at the another extreme they were both large.
For practical applications of the CCM KCL:Tl colour-centre laser, it is always
appropriate to tune the laser to the condition where the shortest pulses are generated,
because in such a case the output pulse is less chirped and appears less noisy. The
larger scale cavity-mismatching characterisations indicated that only when the two
cavities were properly matched did the temporal and spectral profiles of the output
pulses appear symmetric, and in this case the spectral width was a maximum.,

In Chapter 6, some applications of the mode locked KCI:T1 colour centre laser has
been described. In the first instance, 120-fs pulses at the spectral region of 1.33 um
have been produced through the self-phase-modulation mediated four-wave-mixing
process [5]. This was achieved by pumping an erbium-doped monomode optical fibre
with sufficiently powerful femtosecond pulses at 1.52 pm, such that the self-phase-
modulation mediated four-wave mixing process is initiated. The Stokes and anti-
Stokes signals were well separated. By deploying a dichroic beamsplitter, the spectral
component at 1.33 pm region was preferentially selected, so that ultrashort pulses at
1.33-pm spectral region were obtained. With the incident average power at a level of
10 mW, the average power of the anti-Stokes wave is typically 1 mW. The observed
maximum up-conversion efficiency (from 1.52 pm to 1.33 pm) is 14% for 80-fs
incident pulses and 16% for 122-fs incident pulses. This thus represented a method for
obtaining femtosecond pulses in this -1.3 mm region but Cr:forsterite lasers are
perhaps preferred alternative sources.

In the second section of Chapter 6, measurement of group-velocity-dispersion of
the passive AlGaAs waveguide has been described. This measurement was based on
the synchronously pumped CCM KCI:Tl colour-centre laser, where the waveguide to

be measured was used as the nonlinear element in the control cavity. It is known that
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coupled-cavity mode-locking requires a proper matching of the two-coupled cavities
[6]. Mismatching of the two cavities will result in an asymmetric feature of both
spectral profile and pulse envelope of the output pulses. Because of the difference in
the GVD of the waveguides at different wavelength, the transit time of pulses having
different central wavelengths varies accordingly. It can therefore be predicted that
when the working wavelength of the colour-centre laser is changed, the round-trip
time of the control cavity varies as well. To make the laser work properly, the period
of the control cavity has to be re-adjusted so as to re-match the periods of the two
cavities. The change in the control cavity period in fact corresponds to the variation of
the time delay of the pulses that pass through the waveguide. Thus, by doing some
related calculations, the group velocity dispersion parameter D of the waveguide can
be obtained. For the waveguide used in this experiment, a GVD parameter of
D =-1100ps / nm / km has thus been obtained. The result measured in this way was
in good agreement with that calculated from the effective refractive index.

In the last section of Chapter 6, experiments on pulse propagation in a long span
(1.017 km) of optical fibre have been performed. It was found that different nonlinear
mechanisms, including self-phase-modulation (SPM), modulation instability (MI),
Raman scattering, soliton Raman effect, have been involved in the spectral broadening
of the propagating pulses. Soliton Raman generation in the anomalous GVD regime
has resulted in pulse compression from 14 ps of the incident pulses to 210 fs of the
transmitted pulses.

The pulse duration of the KCL:T1 colour-centre laser when coupled-cavity mode-
locked using a passive AlGaAs waveguide is not yet as short as that obtained with
optical fibres. However, it is possible that by using shorter waveguide elements and by
applying appropriate dispersion compensation then the output pulse duration will be
further reduced. A possible alternative approach towards reducing the output pulse
duration would be to carefully control the GVD of the waveguide during its

fabrication.
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Finally, it should be mentioned that during the process of this work a room-
temperature, mode locked laser source at 1.5 pm spectral region, the Cr+4:YAG laser,
has been demonstrated. From a practical viewpoint, it would be an advantage to
replace the colour-centre laser with this newly developed room-temperature tuneable
laser source, such that the low temperature requirement associated with the colour-
centre laser would be avoided. However, to date, the tenability and reliability of the
Cr+4:YAG laser is not as good as the NaCl:OH- colour-centre laser. It is nevertheless
to be expected that room-temperature vibronic crystals will progressively replace

colour-centre crystals in ultrashort-pulse near-infrared lasers.
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Z. Su, X. Zhu, and W. Sibbett

J. E Allen Physics Research Laboratories, Department of Physics and Astronomy, University of St. Andrews,
North Haugh, St. Andrews, Fife KY16 9SS, Scotland, UK

Received August 24, 1992; revised manuscript received January 15, 1093

By employing a femtosecond-pulse color-center laser, we were able to study quantitatively the process of self-
phase-modulation-mediated four-wave mixing in an Er-doped optical fiber. It has been demonstrated that this
scheme leads to the generation of femtosecond pulses in the 1.3-pm spectral region when a 1.5-um mode-locked

laser source is used.

INTRODUCTION

The generation of femtosecond laser pulses over a wide
spectral range has been a key topic within research in the
area of ultrafast phenomena.! Two approaches com-
monly used to obtain ultrashort laser pulses at the desired
wavelengths have been the use of available mode-locked
lasers and the exploitation of nonlinear effects such as the
Raman effect to wavelength shift the pulses from one
spectral region to another.? In this paper we report the
generation of 100-fs pulses at wavelengths near 1.3 um by
the process of self-phase-modulation- (SPM) mediated
four-wave mixing in an Er-doped single-mode optical fiber
when we used a coupled-cavity mode-locked 1.5-um laser
as a pump source.

SPM-mediated four-wave mixing is a nonlinear process
first observed by Zhu and Sibbett® in the study of
femtosecond-pulse propagation in Er-doped optical fibers.
In such a process SPM occurs first. Then, as the spec-
trum of the propagating pulses extends, part of the ex-
tended SPM spectral component reaches the particular
wavelengths at which the phase-matching condition for
four-wave mixing is satisfied such that four-wave mixing
occurs. In particular, as was shown by the original re-
sults,’ for the incident pulses (having a duration of
~130 fs and a repetition rate of 82 MHz) centered at
1.51 pm the output radiation can have a spectrum with
distinctive peaks at 1.36 um (anti-Stokes) and 1.6 pm
(Stokes), depending on the fiber length and the coupled
optical power.

In the research reported here we have made a further
study of this interesting nonlinear process. The dura-
tions of the incident pumping pulses have been reduced to
the sub-100-fs range, which has led to further frequency
shifts toward both shorter and longer wavelengths for the
propagating pulses at relatively lower average pump power
levels. The shortest anti-Stokes wavelength so far ob-
tained is centered at 1.33 um, which, in combination with
the previous results, gives a tuning range of 1.33-1.38 pm.
(The tuning can be achieved by changing the average
power or the duration of the incident pulses near 1.5 um.)

0740-3224/93/061050-04$06.00

Although the 1.5-um incident pulses have an amplitude
modulation of approximately 2% at frequencies =2 kHz,
no noticeable fluctuations of the anti-Stokes wavelength
were observed. With an average incident power (P;) of
15 mW at 1.52 um, the anti-Stokes signal (centered at
1.33 pm) had a power level of ~1.2 mW, which, when we
consider the coupling loss, implies a typical energy conver-
sion efficiency of 11% in the fiber. For a given average
intrafiber power level the energy conversion efficiency
was observed to be not only related to the fiber length but
also to the incident pulse durations. When the duration
of the incident pulses centered at the wavelength of
1.52 um was maintained at approximately 80 fs the dura-
tion of anti-Stokes pulses varied from 100 to 300 fs, de-
pending on the length of the fiber used. In general,
provided that the phase-matching condition was met, the
longer the fiber, the broader the anti-Stokes pulses.

EXPERIMENTS AND ANALYSES

As shown in Fig. 1, the pump laser used in our experi-
ments was a coupled-cavity mode-locked KCL:T1 color-
center laser.* By using an appropriate thickness for the
birefringent filter and by making a proper choice of opti-
cal power coupled into the nonlinear cavity, we controlled
the laser to produce stable pulses with durations between
80 and 90 fs throughout these experiments. The output
from the laser was coupled into and out of a single-mode
Er-doped fiber through objectives O1 and O2, respec-
tively. Both objectives (20X) were coated with broadband
antireflecting coatings, except for the outer surfaces near
the fiber, where index-matching liquid was used to reduce
the surface reflectivity loss. An overall coupling effi-
ciency (P/P;, power after objective O2 divided by power
before objective O1) of 70% was obtained. The exact opti-
cal power coupled into the fiber was controlled by incorpo-
rating a neutral-density wheel attenuator, The fiber
(provided by the BNR Europe Ltd.) has a dopant concen-
tration of 1.6 X 10 em™®, a refractive-index difference of
16 X 1073, a core diameter of 4.6 um, and an expected

© 1998 Optical Society of America




Suetal.

Erbium-doped monomods
optical fiber ( Ly< 2.5m)

Coupled-cavity
mode-locked
KCITI [aser

{Index-matching liquid)

Ay =E0fs
Repetition rate = B2 MHz
A=1520nm BS 2> 14000m
Al =3 nm
A < 1400 nm

Fig. 1. Experimental setup for conversion of femtosecond pulses
from the 1.5- to 1.3-um spectral region: ND, neutral-density at-
tenuator; O1, 02, objectives; BS, dichroic beam splitter; S, sereen.
Although the incident pulses are in the picosecond regime, no
four-wave mixing is involved, and the beam after passing the
prism will be in a direction as shown by the dashed line on the
screen.

Ain=1520 nm

AT=T5 fs As

1240 1490 1740
Wavelength (nm)

Tig. 2. (a) Spectra for the pulses coupled into (dashed curve) and
exiting from (golid curve) a 2,37-m-long Er-doped fiber with
Pr=12 mW and Ar; = 80 fs. (b), (¢} Spectra for the spectrally
discriminated Stokes and anti-Stokes signals, respectively, and
the corresponding intensity autocorrelation traces.

zero-dispersion wavelength at 1.43 pm. At the output of
the fiber a prism or a dichroic beam splitter was used to
discriminate between the spectral components of the exit-
ing pulses.

For a 2.37-m-long fiber and when the incident pulses
have a duration of 80 fs and a transmitted average power
Pr =12 mW (that is, a peak power of 2.2 kW in the fiber),
the spectra for the output pulses are as reproduced in
Fig. 2(a). We can see that two distinct spectral features
exist, one peaked at 1.63 pum and another centered at
1.33 pm. This result can be contrasted with the spec-
trum of the incident pulses, which, as shown in Fig. 2(a)
by the dashed curve, has a central wavelength of 1.52 pm
and a bandwidth of 32 nm. When a dichroic beam split-
ter is used, the spectral components at longer and shorter
wavelengths could be spatially separated such that the in-
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dividual temporal features for each component were
recorded, as shown in Figs. 2(b) and 2(c). [Note that the
dichroic beam splitter has a high reflectivity for the anti-
Stokes signal and that the ringing on the reflectivity
curve for the coating leads to the observed small amount
of ripple in the spectral region beyond 1.4 pm in
Fig. 2(c).] The intensity autocorrelation trace for the
Stokes signal [see the inset in Fig, 2(b)] shows a soliton-
like feature. [Note that the component referred to in this
paper as the Stokes signal includes the residual spectral
components at wavelengths near or longer than the inci-
dent laser wavelength; see Figs. 2(2) and 2(b).] The cen-
tral peak is associated with an actual pulse duration of
75 fs, which is slightly shorter than that of the incident
pulses. In contrast, the anti-Stokes signal has a duration
of 300 fs, which is significantly longer than the incident
and the corresponding Stokes signals.

To gain some insight as to how the spectral characteris-
tics of the propagating pulses change along the fiber, we
performed a cutback experiment. The monitored spectra
for the pulses exiting from different lengths of fiber under
approximately the same incident condition are shown in
Fig. 3. Interestingly, the shortest fiber length [L;=
30 cm, trace (a) in Fig. 3] already shows a relatively large
amount of spectral extension. Nevertheless, a gignificant
anti-Stokes signal does not occur until the fiber length
reaches 0.6 m [trace (c} in Fig. 3]. This gives a clear indi-
cation of the region within the fiber where the four-wave
mixing process is initiated. After the onset of four-wave
mixing, we see an associated spectral shift of the Stokes
and anti-Stokes signal toward longer and shorter wave-
lengths. [Compare trace (d) with trace (¢) in Fig. 3.]

Pe~11 mW

Fiber lengths

03m
{a)

=

(b)
()

{d)

155 m
A A

237m

1240 1490 1740
Wavelength (nm)
Fig. 8. Cutback measurement of the spectrum for the propagat-

ing pulses in six different fiber lengths where the incident condi-
tions were maintained: Py~ 11 mW; Ar; = 80 ~ 90 fs.
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Fig. 4. Four pairs of intensity and interferometric autocorrela-
tion traces for the anti-Stokes pulses [the corresponding spectra
are the left part of the traces shown in Figs. 3(c)-3(f)].

However, as the pulses propagate further in the fiber the
central wavelength of the anti-Stokes signal remains es-
sentially unchanged, as indicated by traces (d)-(f) in
Fig. 3. This result is different from the situation where
the fiber length is fixed while the optical power of the inci-
dent pulses is varied.® As mentioned above, varying the
optical power leads to the tuning of the anti-Stokes signal.
The obvious modulation structure on the anti-Stokes
spectra shown in the traces (e) and (f) reproduced in
Fig. 3 indicates the involvement of SPM at these wave-
lengths. However, the spectral bandwidth of the anti-
Stokes signal was not noticeably increased. For traces
(c) and (d) in Fig. 3 we can see that, in contrast to the
anti-Stokes counterpart, the change of Stokes signal along
the fiber is rather complicated. This change may be due
to the mixture of and interaction between the processes of
four-wave mixing, SPM, and self-Raman effect.

The temporal features of the anti-Stokes signal exiting
from different lengths of fiber were investigated by the use
of a prism to separate it from the Stokes wave (see Fig. 1)
and then by the use of an autocorrelator to measure
intensity and interferometric autocorrelation traces. As-
sociated with the spectra shown in Fig. 3(c)-3(f),
the autocorrelation traces of the anti-Stokes wave are
recorded as shown in Fig. 4. From Figs. 4(a), 4(c), 4(e),
and 4(g), we see that the duration of the anti-Stokes
pulses increases monotonically with the fiber length (or
the propagation distance). Correspondingly, the interfero-
metric traces [(b), (d), (f), and (h) in Fig. 4] indicate an
increased frequency chirp in the recorded pulses.

For the spectral and temporal data given in Figs. 3 and
4, the bandwidth-duration products for the anti-Stokes

Suet al.

pulses can be deduced to be 0.82, 1.02, 1.49, and 2.35 for
the 0.6-, 0.84-, 1.55-, and 2.35-m fiber lengths, respec-
tively. Such values indicate the degree of frequency chirp
associated with the anti-Stokes pulses. The relatively
large frequency chirp within the initial anti-Stokes signal
AvAT = 0.82 could be transferred from the chirped pump
wave during the early stage of the four-wave-mixing pro-
cess, that is, as a result of cross-phase modulation.

It is believed that the SPM of the incident 1.52-um sig-
nal is responsible for producing the particular wavelength
at which the phase-matching condition for four-wave mix-
ing is met. In other words, the shorter-wavelength part
of the SPM-extended spectrum acts as a pump wave in the
four-wave-mixing process. Thus, from an energy conser-
vation point of view, only half of the incident signal can be
converted to the actual pump wave for four-wave mixing.
If we take the conversion efficiency of this pump to four-
wave mixing to be somewhere between 50% and 100%, say
75%, then the percentage of the total incident energy that
contributes to the anti-Stokes signal will be 1/2 X (756% X
1/2) = 3/16. Therefore, ignoring any loss inside the fi-
ber, we can expect an energy ratio of the shorter wave-
length (anti-Stokes) to the entire longer wavelength
(Stokes) signals to be 3/16:13/16, that is, 1:4. This sim-
ply means that if the average power of the spectral compo-
nent near 1.33 um is 1 mW measured by a power meter
located after the dispersive prism in Fig. 1, a similar mea-
surement for the remaining spectral components [most
having wavelengths =1.5 um, for example, trace (f) in
Fig. 3] would give an average power of 4 mW. In our ex-
periment the measured maximum ratio was approxi-
mately 1:5. This discrepancy could have arisen because
we assumed too high a conversion efficiency or because we
ignored the drain of energy to the Raman signal.

For the spectral data shown in Figs. 3(c)-3(f) the mea-
sured energy ratios of the anti-Stokes to Stokes for the
four fiber lengths are as shown in Fig. 5, where the energy
conversion efficiency from 1.52 to 1.33 um is given. In-
terestingly a maximum conversion efficiency of ~14% ex-
ists for the 0.84-m-long fiber. When the incident pulse
duration was varied while the average power was kept con-
stant (that is, as the peak pulse power was varied), the
optical power of the anti-Stokes wave also changed. An
example of this is shown in Fig. 6, from which we can see
that for a fiber length of 1.55 m the average power of the

r16

14

Conversion efficiency (%)
Pps/Ps (%)

rio

Fiber length (m)

Fig. 5. Energy conversion efficiency from 1.52 to 1.33 um
(dashed curve) and the average power ratio of anti-Stokes to
Stokes wave (solid curve) as a function of fiber length.
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Fig. 6. Variation of the average power of the anti-Siokes signal
at the exit of a 1.55-m-long fiber as a function of incident pulse
durations (with P; = 13 mW).

anti-Stokes wave increased as the incident pulses became
broader. For the point that relates to Am; = 122 fs in
Fig. 6, the recorded anti-Stokes power level reaches
1.9 mW. In this case because the incident power P; is
18 mW and the exiting power Py is 13 mW, we can deduce
that the ratio of the anti-Stokes to Stokes signal is ap-
proximately 1:5, and the conversion efficiency from 1.52
to 1.33 pm is 16%. If we assume that the peak conversion
observed for the 0.84-m-long fiber (Fig. 5) implies that
such a fiber provides an interaction length that is close to
the coherent length, then the tendency shown in Fig. 6
would indicate that, for the 1.55-m-long fiber to be close to
a coherent length, the incident pulses should be broader.
Hence an even higher conversion efficiency might be ob-
tained if the system parameters were optimized. In gen-
eral, for a chosen fiber length and a given coupling power,
an optimum incident pulse peak power will exist. With
this optimum pulse duration a maximum conversion effi-
ciency from 1.52 to 1.33 um can be achieved.

CONCLUSIONS

By pumping an Er-doped monomode optical fiber with
sufficiently powerful femtosecond pulses at 1.52 um such
that a SPM-mediated four-wave-mixing process is ini-
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tiated, we were able to produce femtosecond pulses near
1.38 pm. With the incident average power at a level of
10 mW, the average power of the anti-Stokes wave is typi-
cally 1 mW. The observed maximum upconversion effi-
ciency (from 1.52 to 1.33 um) is 14% for 80-fs incident
pulses and 16% for 122-fs incident pulses. The 16% value
is close to a predicted value of 20% based on a simple
analysis.

Being distinet from their Stokes counterparts, the anti-
Stokes pulses have durations that exceed those of the inci-
dent pulses. Typically for 80-fs incident pulses at
1.52 pm, the duration of anti-Stokes pulses (which are
found to be frequency chirped) is ~100 fs at the location
where they are generated. Because the anti-Stokes wave
(centered at 1.33 pm) lies in the normal dispersion region
of the fiber, these pulses broaden as they propagate.
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Coupled-cavity mode locking of a KCL:T] color-center laser has been achieved with passive waveguides fabricated
in the AlGaAs material system. The ultrafast refractive nonlinearity at the half-band gap is exploited by the
laser to produce pulses as short as 230 fs at operating wavelengths of ~1520 nm.

Ultrafast all-optical switching has been demon-
strated recently with AlGaAs-based semiconductor
waveguide structures at photon energies correspond-
ing to approximately half the band-gap energy.!?
At these wavelengths nonlinear phase shifts greater
than 27 rad have been directly observed in straight
guides® owing mainly to minimal competition from
nonlinear absorption but also with the assistance of
a localized enhancement in the nonlinear refractive
index related to two-photon transitions (real or
virtual, depending on wavelength).® Nonlinear
index coefficients of ny = +1 X 1073 cm? W
have been estimated for this material,~® i.e., >100
times stronger than that observed for fused-silica-
based optical fibers. This relatively high magnitude,
together with their potential for inducing nonlinear
phase shifts on the order of 7 rad, makes these
semiconductor guides attractive replacements for
optical fibers in coupled-cavity mode-locked lasers.’

Coupled-cavity color-center lasers are arguably the
most versatile optical pulse source in the 1.55-um
spectral region. They combine broad-frequency tun-
ability with high output-pulse energy. Furthermore
they can be switched from femtosecond to picosecond
operation by reverting to synchronous mode lock-
ing, and unlike synchronously pumped optical para-
metric oscillators they can operate continuous wave.
Although passive mode locking with a semiconduc-
tor saturable absorber® is a simpler technique than
coupled-cavity mode locking, it relies on a resonant
nonlinearity, Hence it is relatively inefficient with
the 5—-6 W of pump power required to obtain output
powers of a few tens of the milliwatts, and both
pulse duration and output power are strongly wave-
length dependent. In this Letter we describe the
mode locking of a coupled-cavity KCL:TI color-center
laser in which a passive AlGaAs waveguide has been
incorporated into the control cavity. Pulse durations
of <250 fs are obtained at average output powers of
50—-70 mW for <2 W of pump power.

The coupled-cavity laser was constructed in the
conventional Fabry—Perot configuration as shown in
Fig. 1, with mirrors MO and M1 forming the mas-
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ter cavity and M1 and M2 the control cavity. The
KCLTI crystal was pumped at average powers of up to
2 W by a mode-locked Nd:YAG laser, and the useful
output of the color-center laser was provided by the
insertion of a 50/50 beam splitter (BS) located in the
control cavity. In previous experiments in which a
semiconductor optical amplifier was used as a non-
linear element in our coupled-cavity lasers,”” care
had to be taken to minimize parasitic reflections from
the facets. The antireflection coatings on the device
were found to be inadequate, and a complex approach
involving two optical isolators was used to obtain sta-
ble operation.” In the experiments described here
we opted to fabricate the passive AlGaAs waveguides
at an angle to the (cleaved) facets, so that light
entered and exited the guide at Brewster’s angle, thus
rendering antireflection coatings unnecessary.

The waveguides were grown in AlGaAs onto a
GaAs substrate with molecular beam epitaxy. The
1.5-pm-thick Alg13GaggAs guiding layer was sand-
wiched between buffer and upper cladding layers,
both with 24% Al composition. Twelve parallel
guiding ribs with widths varying from 8.0 to
5.5 pum were revealed in the 1.5-um-thick up-
per cladding layer to a height of ~1.3 um with
reactive-ion etching. With an estimate for the
modal index the Brewster angle was calculated
to be 73.8°. The substrate (see inset of Fig. 1)
had dimensions of length X width = 4.15 mm X

AlGaAs WAVEGUIDES

CRYOSTAT

MAIN
MCDE-LOCKED
OUI;PUT Nd:YA

OoBJ

Fig. 1. Schematic of the coupled-cavity laser with the
AlGaAs substrate shown within the inget, PZT, piezo-
electric translator.
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Fig. 3. Interferometric autocorrelation data for the
230-fs pulse.

5.35 mm, with 4.33-mm-long guides. This relatively
large substrate presented at the Brewster angle
necessitated the use of coupling lenses with working
distances >2 mm, and hence light was coupled in
with a 10X microscope objective (OBJ), with the exit
beam collected with a diode collimating lens (DCL)
with a numerical aperture of 0.276. This beam was
focused onto mirror M2 and retroreflected.

The throughput of the guide was typically 15% for
the initial pass, and the effective reflection coefficient
for the combined waveguide and mirror M2 was es-
timated to be just <2%. (Typically we would have
an equivalent reflection coefficient of ~50% when
using an optical fiber in the control cavity.) The poor
efficiency is primarily related to modal mismatches
caused by Brewster angling of the substrate and by
the use of long-working-distance lenses, although the
linear loss of the guide also contributes. Fortunately
the parasitic reflectivity of the device as seen by the
master cavity (mirror M2 blocked) was a factor of
~500 smaller, so this did not prevent mode locking.
The most stable mode-locking condition was observed
when the transmission of the common mirror M1
was increased to 22%, which resulted in average
output powers of ~50—70 mW in the main output
(see Fig. 1).

As is normal with coupled-cavity lasers that rely
on refractive nonlinearities the lengths of the master
and control cavities were required to be matched to
within a fraction of a wavelength. This was achieved
by using stabilization electronics to control the posi-
tion of mirror M2, which was mounted on a piezo-
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electric translator.® Normally the error signal woul
be derived by monitoring the average output power
but the low level of feedback in the laser describe
here was insufficient to induce significant interferc
metric fluctuations of the power levels in either of th
two output beams. However, successful long-tern
stabilization was achieved by monitoring the secon
harmonic of the main output power. In contrast th
latter more complicated approach was not required i
previous experiments where the semiconductor opti
cal amplifier was used even though the feedback leve
was less. The active waveguide’ differs in that i
suffers from significant nonlinear attenuation, whicl
in turn causes a large modulation of the output o
the secondary output as the laser switches alter
nately from mode-locked to continuous operation witl
changes in the length of the control cavity.

Self-starting of the mode locking was not observe
during these experiments, and the Nd:YAG pum]
laser had to be operated in the mode-locked regim
for coupled-cavity mode locking to be initiated. Thi
is not surprising because the nonlinearity in th
waveguide has an ultrafast recovery time and i
therefore relatively weak during the initial stage
of pulse formation. Self-starting mode locking wa
observed with the active waveguide’ because it relie
on self-phase modulation primarily associated witl
the much stronger resonant nonlinearity related t
carrier density changes.

With no bandwidth-limiting elements in the lase
cavity, pulses as short as 230 fs (assuming a sech
pulse shape) were obtained (see Figs. 2 and 3 fo
intensity and interferometric autocorrelation profiles
respectively) with bandwidth—duration products o
0.39. The intensity autocorrelation and spectrun
for the pulse returning from the control cavity mea
sured at the subsidiary output (shown by the dashe:
line in Fig. 1) are reproduced in Fig. 4. The tem
poral (120%) and spectral (30%) broadening of th
return pulses is consistent with the combined actio
of self-phase modulation and normal group-velocit;
dispersion in the semiconductor waveguide. Fron
this spectral broadening we estimate that the peal
nonlinear phase shift in the steady state was betwee:
7/2 and 7 rad. Temporal broadening arising fror
nonlinear absorption was expected to be minimal a
this value of phase shift, especially given that th
laser operated at wavelengths longer than the two
photon band edge (1504 nm). This was confirme
by the insignificant modulation (~2%) in the feed

(a) (b)
£, g
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% 2t A% =5001s z Ar=17.20m
& 2
£ g
o — 0 i 2 g0 1480 1500 1520 1540 15
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Fig. 4. (a) Intensity autocorrelation and (b) spectrum fo
pulses from the subsidiary output taken under the sam
conditions as the data for Figs. 2 and 3.
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back power measured at the subsidiary output when
switching from continuous to mode-locked operation.

The low intensity level of the control signal
returning to the main cavity prevented the use of
bandwidth-limiting and tuning elements. Unstable
operation resulted when a thin (0.8-mm-thick)
quartz plate was inserted into the cavity, probably
because of insufficient nonlinear phase shift at
the steady state. We anticipate that considerable
improvements in the laser performance will be
possible once the overall throughput is increased
by use of alternative substrate geometries. For
example, a reduction in the rib angle from 16.7°
to 10° or even 7° (relative to the facet normal)
may be possible without significantly compromising
the parasitic reflectivity caused by external and
internal reflection,® while allowing better coupling
at the input facet. Furthermore by use of curved
guides so that the guiding rib meets the exit facet
at normal incidence the chip itself will become the
retroreflector. The expected increase in efficiency
will make shorter guides feasible, thus minimizing
the effects of group velocity dispersion in the
guide, and result in the generation of sub-200-fs
pulses. Moreover by use of a nonlinear Michelson
cavity configuration the laser could be made con-
giderably more compact. Finally further gains in
efficiency may be obtained by use of multiple-
quantum-well waveguides, where a factor of 2
enhancement in the nonlinearity has been observed.!®

Compared with optical fibers, passive AlGaAs
waveguides have several advantages. The high
nonlinearity allows compact arrangements and
thus results in considerable passive stability and
high immunity to thermal drift. Furthermore the
guides are polarization preserving and require no
index-matching fluid to avoid backreflections due
to the angled ribs. The nonresonant nature of
the waveguide nonlinearity suggests that, after
the above improvements in waveguide design have
been implemented, femtosecond operation should be
possible over a large fraction of the gain bandwidth of
the laser with only a single sample. This technique
should also be suitable for mode-locking NaCl:OH~
lasers, erbium lasers (guided wave or bulk), and,
with adjustment of the band-gap energy, Cr:forsterite
lasers., Ultimately it may be possible to fabricate

miniature integrated Michelson interferometers for
use with InGaAsP semiconductor lasers,

In summary, we have successfully mode locked a
color-center laser with passive semiconductor wave-
guides at wavelengths in the vicinity of the half-band
gap, with pulse durations of <250 fs being recorded.
The performance of the laser is limited mainly by
the poor coupling efficiencies associated with this
initial waveguide design. We expect that changes
in this design, together with the use of a nonlinear
Michelson cavity configuration, will permit shorter
pulses and greater stability,
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